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Instructions to Authors 
1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
gubmitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (¢e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (¢) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f{) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 8} by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 


erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer's errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 


XUM 


CORRECTION 


On page 80, legend to Fig. 1, line 4, Vol. 196, No. 1, May, 1952, read 0 per cent 
to 15 ml. for 0 per cent to & ml. 

On pape 83, Table V, read and for 
CH-—C*H:—COH and 
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CHOLESTEROL METABOLISM IN PANTOTHENIC 
ACID DEFICIENCY 


By RAYMOND R. GUEHRING, LUCILLE 8. HURLEY, ano 
AGNES FAY MORGAN 


(From the Department of Home Economics, University of California, Berkeley 
California) 


(Received for publication, February 25, 1952) 


Pantothenic acid has been shown to be a constituent of coenzyme A, 
a coenzyme necessary for acetylation (1-3). While coenzyme A is a 
general constituent of living organisms, in rat tissues the highest concen- 
trations are found in liver and in adrenal. Most, and possibly all, cellular 
pantothenic acid seems to be bound in coenzyme A (4, 5). Study of the 
function of coenzyme A was made possible through its identification as a 
pantothenic acid derivative. 

It had previously been shown by Dorfman et al. (6) and confirmed by 
Hills (7) that pantothenic acid is concerned with the metabolism of pyru- 
vie acid, primarily in the second or acetate phase of pyruvate oxidation. 
Additional evidence was provided by Pilgrim et al. (8) who found a de- 
creased rate of pyruvate oxidation in liver from pantothenic acid-deficient 
rats. 

Novelli and Lipmann (9) showed that Lactobacillus arabinosus and 
Proteus morganii could convert pantothenic acid to coenzyme A, and that 
the increase in coenzyme A concentration paralleled the respiratory stimu- 
lation by pantothenate. Thus, the earlier finding of Dorfman et al. (6) 
and of Hills (7) that the pyruvic oxidation of pantothenic acid-deficient 
P. morganii was stimulated by addition of pantothenic acid could be at- 
tributed to a formation of coenzyme A from the added pantothenic acid. 

Studies made by Novelli and Lipmann (10), as well as those of McElroy 
and Dorfman (11), support the view that the primary target of coenzyme 
A is acetate. 

The fact that acetate is used in the synthesis of cholesterol was shown 
by Bloch and Rittenberg (12), while Srere, Chaikoff, and Dauben (13) 
demonstrated the conversion of acetate to cholesterol by surviving slices 
of beef adrenal cortex. It seemed possible, therefore, that in the panto- 
thenic acid-deficient animal metabolism of acetate or synthesis of cho- 
lesterol might be impaired. The well known effect of cholesterol feeding 
on the formation of fatty livers was used to study this possibility. 

Recent work (14) has shown that adrenal hypofunction, as judged by 
failure of anoxic anoxia to cause an elevation of blood sugar and liver 
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glycogen, occurred in pantothenic acid-deficient rats. It therefore seemed 
advisable to study the effect of cholesterol feeding on the reaction of nor- 
mal and pantothenic acid-deficient rats to the stress of anoxic anoxia. 

Normal and pantothenic acid-deficient rats were fed either a normal 
or a cholesterol-rich diet, and determinations of liver glycogen, adrenal 
ascorbic acid, serum cholesterol, liver cholesterol, and liver lipides were 
made after a test period either at sea level or at a simulated altitude of 
20,000 feet. By this means the effect of pantothenic acid deficiency on 
the ability of the animal to metabolize cholesterol was examined. 

In a further effort to elucidate the effect of the deficiency, paired feeding 
tests were made, as well as parallel observations of riboflavin and py- 
ridoxine deficiencies. The effect of withdrawal of dietary cholesterol or 
pantothenic acid or both after fatty liver production by a normal diet 
containing | per cent cholesterol was also noted. 


EXPERIMENTAL 


Female rats of the Long-Evans-Wistar strain were given the purified 

pantothenic acid-deficient diet when their young were 15 days of age. At 
21 days of age, the young were weaned, placed in individual metabolism 
cages, and grouped according to weight, litter, and sex. The basal diet 
had the following composition: vitamin-free casein' 22.0, sucrose 66.5, 
fat? 9.0, and salts* 2.5. The cholesterol diet had the same composition as 
the basal diet, with the exception that 1 per cent cholesterol was substi- 
tuted for an equal amount of fat. 
‘ Supplements of crystalline vitamins were given three times a week in 
amounts to provide per rat the following daily quantities in mg.: thiamine 
hydrochloride, riboflavin, folic acid, and pyridoxine hydrochloride, each 
0.02, calcium pantothenate and p-aminobenzoic acid, each 0.1, nicotin- 
amide 0.066, inositol 2.5, biotin 0.002, and choline 5.0. Vitamin A, vi- 
tamin D, and tocopherols were supplied separately in the amounts of 1000 
i.u., 100 i.u., and 3 mg. per rat per week. The deficient groups received 
the vitamins listed, with the exception of pantothenic acid, or, in one 
series, riboflavin or pyridoxine. 

The experimental animals were kept on their respective diets usually 
for 5 weeks after they were grouped, at the end of which time, in the first 
experiment, some were subjected to fasting for 24 hours at sea level and 
others under reduced oxygen tension, 349 mm. of Hg, corresponding to 
20,000 feet of elevation. During this test period they received no water. 
They were then anesthetized with sodium Amytal and sacrificed. 


1 Vitamin test casein procured from General Biochemicals, Inc., Chagrin Falls, 
Ohio. 

? Primex, a hydrogenated vegetable fat. 

* Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Nutr., 14, 273 (1937). 
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The anoxia apparatus was the same as that described originally by 
Wickson and Morgan (15). At the beginning of the test period the rats 
were placed in the glass jars, and the pressure was reduced gradually. 
The rats taking the test period at sea level were placed in jars under the 
same conditions except that there was no reduction in pressure. 

Liver glycogen was precipitated and hydrolyzed according to Good, 
Kramer, and Somogyi -(16), and the resulting reducing solution was ti- 
trated with ceric sulfate (17). To determine ascorbic acid in the adrenal 
glands, a method was devised based on the Bessey modification of the Roe 
and Kuether method (18, 19). Cholesterol was determined by direct 
chloroform extraction according to the method of Kingsley and Schaffert 
(20). Total lipide was determined by extraction of the tissue with pe- 
troleum ether in the Soxhlet extractor and weighing of the fatty residue 
after removal of the solvent. 


Results 


Table I shows the amounts of food eaten, weight gained, and the liver, 
adrenal, and serum analyses of these rats under normal and anoxic con- 
ditions. There was no significant difference on a body weight basis in the 
amounts of food eaten by the animals on the complete basal diet, on the 
pantothenic acid-deficient diet, or the cholesterol-rich complete diet, al- 
though the total quantities were quite different. However, the rats sub- 
jected to the cholesterol-rich pantothenic acid-deficient diet ate slightly 
more food in proportion to weight than did any other group. The weight 
gain was strikingly different between the normal and deficient animals, 
although the addition of cholesterol had no effect. The normally fed 
animals, both on basal and cholesterol diets, gained nearly twice as much 
per gm. of food eaten as did the deficient animals. 

Cholesterol had little effect on the formation of glycogen during stress 
in either the normal or deficient rats. There was no increase in liver 
glycogen as the result of anoxia in animals deficient in pantothenic acid, 
in contrast with the marked rise in normal animals, thus confirming pre- 
vious experiments (14). Striking differences occurred in the liver fat of 
the various groups. The addition of cholesterol to the complete basal diet 
resulted in liver fat concentrations of 11.2 per cent, as compared with 4.3 
per cent in animals on the complete basal diet without cholesterol. This 
marked effect was not seen in the pantothenic acid-deficient animals. In 
fact, their liver fat concentrations were only 2.3 and 2.4 per cent, values 
which are significantly lower than those of the animals on the complete 
normal diet. In all groups, anoxia caused a decrease in liver fat. 

Cholesterol feeding had the same effect on liver cholesterol as on liver 
fat. The liver cholesterol of the cholesterol-fed control animals was 
2.34 per cent, as compared with 0.28 per cent in the controls on the basal 
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diet. The deficient rats, however, showed almost no increase with cho- 
lesterol feeding. They had 0.29 per cent liver cholesterol on the basal 
diet and 0.42 per cent on the cholesterol diet. There was little difference 
among any of the groups at sea level, as compared with those under an- 
oxia, although all the figures for the latter groups were lower. 

Serum cholesterol increased in the normal rats from 64 mg. per cent 


Taste Il 
Effect of Dietary Cholesterol on Normal, Riboflavin-Deficient, Pyridorine-Deficient, 
and Pantothenic Acid-Deficient Rats 

Six to ten rats per group. 


Feed. , Food Weight | Weight Liver 
Diet ing per per gm. cholesterol 
period wk, Perwk. “food Lipides Cholesterol 
| cm. gm. | Ser cont ust | mg. per cent 
Normal + 1% cho- 1 | 35 12.0 0.34 8520.5 1.53 + 0.08 | 316 + 42 
lesterol 43 19.0 0.44 8.6 40.6 1.73 0.57 | 265 + 23 
3 45 «18.3 0.40 6.7 40.3 1.44 + 0.07 | 237 + 28 
SL 17.2 0.340 7.24 0.5 + 0.18 | 253 + 40 
0.28) 7.0 + 0.6 1.84 0.13 | 215 + 58 
6 45% 11.2 0.25 10.8 + 0.6 2.73 + 0.24 | 232 + 25 
Pantothenic acid- 5 42% 7.6 0.18 | 3.4403 0.65 + 105+ 8 
deficient + 1% | | | | 
cholesterol | | | | 
Pantothenic acid- 5 44% 9.4 0.17 3.4403 0.364004 774 7 
deficient | | | 
Riboflavin-defi- 395.5 0.14 | 5.8 1.59 + 0.20 126 9 
cient + 1% cho- 3 5.0 0.16 7.2 40.4 2.04 + 0,13 | 135 + 16 
lesterol 4 31 560 0.16 7.82408 1.69 40.18 1572 8 
Pyridoxine-defi- 2 32 6.5 0.20 6.9+40.3 1.72 + 0.11 | 188 + 10 
cient + 1% cho- 3 39 9.0 0.23) 7.9404 2.13 0.12) 117 + 10 
lesterol 4 33 4.2 0.13 402404 1.03 + 0.18 | 135 + 14 
* Pair-fed. 


on the basal diet to 332 mg. per cent on the cholesterol diet. In the de- 
ficient rats it increased from 69 mg. per cent on the basal diet to 123 mg. 
per cent on the cholesterol diet. Anoxia raised the serum cholesterol of 
both normal and deficient rats on the basal diet and lowered it in both cho- 
lesterol-fed groups. 

Although neither the anoxia nor the cholesterol feeding had any sig- 
nificant effect upon adrenal ascorbic acid, the findings confirmed the 
previous work (14) in that the deficient animals in all groups showed lower 
adrenal ascorbic acid values and higher adrenal weights than did the nor- 
mal animals. 

In a second experiment the effects of paired feeding and of parallel 
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riboflavin and pyridoxine deficiencies were noted. The progress of liver 
lipide deposition was followed in normal animals on the cholesterol diet 
for 1 to 5 weeks. The values of Table II indicate that the lipide and cho- 
lesterol increases in the liver and the increase in serum cholesterol level 
were nearly as great after 1 week as after 5 weeks on the diet. The rats 
fed a restricted amount of the normal cholesterol-rich diet, 45 gm. per 
week, had even higher liver fat, 10.8 per cent, than those on unrestricted 
intake, 52 gm. of food and 7.0 per cent liver fat. Again the pantothenic 


III 


Effect of Withdrawal of Cholesterol or Pantothenic Acid or Both on Rats after Feeding 
Normal Diet 2 Weeks Plus 1 Per Cent Cholesterol 


Seven to ten rats per group. 


Food Weight gain Liver 


period | Per Per gm. Lipides Cholesterol 

gm. gm om mg. per cent 

Normal + choles- 0 43 619 O44 8.6406 1.732051 265 + B 

terol 62 0.34 10.8 + 0.4 | 2.36 + 0.11 169 + 21 

6 7 19 0.2) 10.34 0.6 2.41 + 0.12 175 + 36 

Normal, no choles- 3 0.33 3.0 + 0.2 0.45 + 0.02 9 

terol 6 69 19 0.28 6l + 5 

Pantothenic acid- 3 55 16 0.2 2920.1 '0.422+002 72+ 6 

deficient,nocho- 6 58 12 0.21 3.2401 0.304001 5 
lesterol | 

Pantothenic acid- 3 56 IWF 0.30 62406 1.644 0.19 163 + 10 

deficient + 6 55 O18 612409 1.154026 87 +410 


lesterol 


acid-deficient groups, with and without cholesterol, maintained low liver 
fat contents, 3.4 per cent, on 42 and 44 gm. of food per week. 

The riboflavin-deficient groups which received cholesterol maintained 
lower food intakes than the normal or pantothenic acid-deficient animals, 
but accumulated nearly as much liver fat and cholesterol as the normal 
groups. Their levels of serum cholesterol were not as much elevated, 
however, as in the latter animals. The same was true of the pyridoxine- 
deficient rats which were fed cholesterol, except those in the group that 
was maintained for 4 weeks. These showed a definite decrease in liver 
lipides and cholesterol. Possibly at this stage of the deficiency a stress 
condition like that of pantothenic acid deficiency had developed. This 
deficiency is under further investigation. 

In the third experiment a large number of rats was placed at weaning 
on the normal diet with cholesterol and after 2 weeks divided into four 
groups. One group was maintained on the same diet, another was given 
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the normal diet without cholesterol, and two others the pantothenic acid- 
deficient diet with and without cholesterol. Some rats from each of these 
groups were sacrificed after 3 weeks on these régimes and the rest after 6 
weeks. As shown in Table LII, the withdrawal of dietary cholesterol 
produced normal liver fat and cholesterol and serum cholesterol levels in 
3 weeks in both normal and deficient rats. The withdrawal of pantothenic 
acid with retention of cholesterol caused a partial loss of liver fat, 6.2 per 
cent as compared with 10.8 per cent in the normal plus cholesterol group, 
after 3 or 6 weeks. The liver cholesterol, however, was progressively 
decreased to 1.64 per cent in 3 weeks and 1.15 per cent in 6 weeks. The 
serum cholesterol was not changed in 3 weeks but was reduced to a nearly 
normal level in 6 weeks. The progress of the deficiency was apparently 
slower at this later age than in the weanlings previously used. 


DISCUSSION 


It has been reported that pantothenic acid deficiency produces fatty 
livers in dogs (21). In the experiments described here, it was found that, 
not only did fatty livers not occur in pantothenic acid-deficient rats, but 
that these rats were resistant to the liver fat deposition ordinarily caused 
by a cholesterol-rich diet. This observation may point to a difference in 
utilization of the vitamin or in lipide utilization in the two species. 

The deficient rats differed from the normal animals in their blood and 
liver levels of cholesterol as well as of liver fat. Whereas the cholesterol- 
fed normal rats showed great increases, there was only a small rise in blood 
cholesterol in the deficient animals, and almost none in liver cholesterol. 
Again, contrary to observations with dogs (22), the deficient rats on the 
basal diet had almost the same amount of cholesterol in the serum as did 
the controls. 

The fact that the pantothenic acid-deficient animals did not develop 
fatty livers cannot be ascribed to inadequate intake, since the food con- 
sumption on a body weight basis was actually higher in the deficient than 
in the normal rats. The propriety of the usual assumption of partial in- 
anition in animals on deficient diets, regardless of intake per unit of body 
weight, may well be questioned. The pair-fed groups of the second ex- 
periment (Table II) illustrate this point. It is clear that mild reduction 
of food intake did not lower the fat content of the liver in these normal 
cholesterol-fed rats or in the three groups of riboflavin-deficient animals 
and in two of the three pyridoxine-deficient groups, all of which had lower 
food intakes than the comparable pantothenic acid-deficient animals. 

These experiments indicate a disturbed metabolism of cholesterol and 
fat in the pantothenic acid-deficient rats. This disturbance may be as- 
sociated with the coenzyme A function of pantothenic acid and may or 
may not be related to choline as it functions in the regulation of liver fat 
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concentrations. All the diets contained an abundance of lipotropic 
factors. 

The fact that cholesterol feeding had no effect on the resistance of the 
pantothenic acid-deficient rats to anoxia, as measured by increase in liver 
glycogen, may indicate that the adrenal hypofunction produced by this 
deficiency (14) is not primarily due to a lack of cholesterol as such and 
that the steroid utilized by the adrenal for hormone production may be a 
cholesterol precursor or else that serum cholesterol is poorly retained by 
the glands. Certain later experiments support this latter supposition, 
since the cholesterol content of the adrenals was found to be unchanged 
by cholesterol feeding. 

Popjak (23) advanced the theory that the free cholesterol of the plasma 
regulates utilization of body fat and synthesis of plasma phospholipides 
by the liver. The rate of cholesterol synthesis in various species was re- 
lated to the amount of acetate available for this purpose, possibly under 
coenzyme A control. When cholesterol is ingested, high levels of plasma 
cholesterol result with mobilization of body fat from its depots and depo- 
sition of surplus fat and cholesterol in the liver. 

In pantothenic acid deficiency cholesterol synthesis from acetate may be 
operating feebly due to insufficient supplies of coenzyme A. Exogenous 
cholesterol may be utilized by such an animal efficiently enough to prevent 
a rise in the plasma cholesterol level with consequent failure of fat mobili- 
zation and resulting storage of lipides and cholesterol in the liver. All of 
the findings of the experiments here reported are consistent with this 
explanation. 

The impairment of adrenocortical function in pantothenic acid de- 
ficiency may result from failure of ketosteroid production from specific 
adrenal steroids due to lack of coenzyme A, a deficit which cannot be made 
up by exogenous cholesterol. 


SUMMARY 


The feeding of a complete diet containing | per cent cholesterol to nor- 
mal rats resulted in fatty livers and high levels of cholesterol in the liver 
and the serum. The same cholesterol-rich diet did not produce a rise in 
liver lipides in pantothenic acid-deficient rats and only small increases in 
liver cholesterol and serum cholesterol. 

This resistance of the deficient rats to formation of fatty livers was not 
due to curtailment of food intake, since the food consumption of the cho- 
lesterol-fed deficient animals on a body weight basis was higher than that 
of the normal animals. Pair-fed groups likewise had the same response to 
cholesterol feeding as had unrestricted groups. 

Cholesterol feeding had no effect on the response of either normal or 
deficient rats to the stress of anoxic anoxia equivalent to an altitude of 
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20,000 feet, when the response was measured by formation of liver gly- 
cogen during stress. The previous finding was confirmed that in deficient 
rats liver glycogen was not raised during stress. 

Adrenal ascorbic acid levels were not affected by cholesterol feeding, 
but the previous observation that in deficient rats adrenal ascorbic acid 
levels were lower and adrenal weights higher in all groups was confirmed. 

Rats fed riboflavin-deficient diets containing cholesterol for 2, 3, or 4 
weeks and a similar pyridoxine-deficient diet for 2 or 3 weeks developed 
typical fatty cholesterol-rich livers and increased serum cholesterol levels, 
After 4 weeks, however, the pyridoxine-deficient rats exhibited only limited 
response of this kind. 

Removal of pantothenic acid from the diet of rats fed the normal cho- 
lesterol-rich diet for 2 weeks resulted in gradual reduction of liver fat and 
cholesterol and serum cholesterol. 

These findings appear to show a specific relationship between panto- 
thenic acid and the metabolism of cholesterol and fat. 

These phenomena may result from the réle of pantothenic acid as part 
of coenzyme A in the regulation of acetate metabolism and of the syn- 
thesis of cholesterol and its analogues. 
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INFLUENCE OF ASCORBIC ACID ON N*® INCORPORATION 
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Results of recent chemical studies have tended to confirm the general 
belief that the connective tissue protein, collagen, is metabolically inert. 
It was found that neither the amount nor the concentration of collagen 
decreased in acute or chronic ascorbic acid deficiency of guinea pigs (1-3), 
even though it has been demonstrated on the basis of both histologic (4) 
and chemical criteria' that ascorbic acid is probably required for collagen 
formation. This stability of collagen in the absence of a vitamin neces- 
sary for its formation would indicate that the molecule once laid down 
does not continually undergo extensive degradation and resynthesis. The 
concept of the dynamic state of the body proteins (5), demonstrated for 
many proteins, would not seem to apply to collagen. 

The present study was undertaken to determine directly, i.¢. by isotope 
analysis of isolated collagen, whether any turnover of collagen nitrogen 
occurred and whether dietary ascorbic acid had any effect thereon. Since 
these results were accumulated, Neuberger, Perrone, and Slack (6, 7) have 
measured collagen turnover in rat tissues with glycine-C“ and found 
evidence of slow turnover which varied with tissue and age. Data will be 
presented in this paper which show that nitrogen administered as gly- 
cine-N'* was incorporated into collagen of guinea pig tissues and that this 
process occurred not only in normal animals in nitrogen balance but also 
in scorbutic animals and in animals recovering from scurvy. 


EXPERIMENTAL 


Normal Guinea Pigs—Young animals weighing about 500 gm. were fed 
a stock diet? supplemented with 50 mg. of ascorbic acid orally every other 
day. Three guinea pigs were given only enough food to maintain their 
weight approximately constant. A fourth guinea pig was underfed so as 
to prevent any increase of tissue mass; it lost 5 to 15 gm. each day. Re- 


* Performed in part under contract No. N9-onr-82800 with the Office of Naval 
Research. 

' Unpublished data. 

* Rockland guinea pig diet which contained 2.7 mg. of N per gm. as fed. 
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crystallized glycine, synthesized from potassium phthalimide essentially 
as described by Schoenheimer and Ratner (8), and containing 34 per cent 
N" excess, was dissolved to a concentration of 5 per cent; 0.5 ml. was 
given each animal orally two times daily. Two of the guinea pigs which 
were maintained at constant weight received the isotopic glycine for 10 
days and the third received it for 20 days. The underfed guinea pig was 
fed the glycine for 10 days. 

Scurvy—Three guinea pigs weighing about 500 gm. were allowed to eat 
a Macdonald No. 5 scorbutigenic diet® (9) ad libitum until they began to 
lose weight (17 to 20 days), by which time tissue stores of ascorbic acid 
have been shown to be depleted and evidence of scorbutic changes gen- 
erally appears (10). Glycine-N" was then fed as in the previous experi- 
ments. One animal was found dead on the morning of the 6th day; the 
others received glycine for 10 days. A costochondral junction and a 
tooth were fixed at autopsy and the diagnosis of acute scurvy was con- 
firmed by examination of histologic sections. 

Recovery from Scurvy—Four guinea pigs weighing about 500 gm. were 
allowed to develop acute scurvy by eating the scorbutigenic diet (9) ad 
libitum. When it was felt that survival required immediate treatment of 
the scurvy, which occurred 24 to 37 days after the animals were placed on 
the ascorbic acid-free diet, the administration of ascorbic acid (50 mg. per 
day) and of labeled glycine was begun and continued for 10 days. The 
feed for two animals was restricted so that they did not gain weight. The 
other two were permitted to eat ad libitum but did not regain their maxi- 
mum weight. 

All animals were killed by exsanguination 18 hours after ingesting the 
last dose of glycine-N"*. Liver, lung, muscle, and depilated skin were 
removed, then minced and macerated in a Latapie mill or glass homog- 
enizer; the ends of the long bones, including cartilage, were scraped clean, 
dried in a vacuum desiccator, ground in a Wiley mill, and defatted with 
ether. 

Aliquots of tissues listed above were analyzed for total nitrogen, pro- 
tein nitrogen, and collagen nitrogen. Nitrogen present after the ground 
tissue had been extracted three times with 5 per cent trichloroacetic acid 
was considered protein nitrogen. Collagen was prepared for analysis by 
extracting the macerated tissue once or twice with water and then eight 
times, for 24 hours each at room temperature, with 0.1 N NaOH; the in- 
soluble collagen residue was neutralized, then dehydrated and defatted 
with alcohol and ether and hydrolyzed by autoclaving with water at 50 
pounds pressure for 5 hours (11). The gelatin solution thus formed was 


* Dr. E. W. Crampton of Macdonald College, Quebec, kindly made available an 
adequate supply of this diet. 
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analyzed for nitrogen. The pooled alkaline and water extracts obtained 
in the preparation of collagen were assayed as the non-collagen fraction. 

The nitrogen of the excreta, plasma, washed red cells, and the rest of 
the carcass was also determined. 

Nitrogen was determined by Kjeldahl digestion without added peroxide; 
the ammonia was distilled into a slight excess of sulfuric acid, the excess 
was just neutralized, and the solutions were evaporated to contain about 
1 mg. of nitrogen per ml. Aliquots were assayed‘ for excess N** by the 
usual procedures after conversion of the ammonia to nitrogen with hypo- 
bromite (12). 

Nitrogen balance was calculated by subtracting the excreted nitrogen 
from the ingested nitrogen. The latter was based on analyses of aliquots 
of the diet as fed. 

Glycine was isolated from collagen (gelatin) of the skin, muscle, and 
bone as the trioxalatochromiate (13). 


The results of N** assays in the nitrogen of several tissues and tissue 
fractions, including collagen, obtained from guinea pigs which had been 
fed 50 mg. of glycine-N" (34 atoms per cent excess) daily, are presented 
in Table I. Pertinent data regarding the duration of feeding, weight 
changes, and nitrogen balances are also included. The concentration of 
N" represented by each value is well above the sensitivity of the deter- 
mination. 

The incorporation of nitrogen into collagen indicated by the excess N'* 
was in most animals presumably the result of an exchange with existing 
collagen. Although similar data might have been obtained if there had 
been an accretion of new collagen, this was unlikely in at least eight of the 
animals. There was continuous weight loss and negative nitrogen balance 
in four animals (Nos. 5, 7, 10, and 11) and in four more (1, 2, 6, and 12) 
there was neither appreciable weight gain nor positive nitrogen balance. 

Glycine isolated as the trioxalatochromiate (13) from the collagen frac- 
tion of skin, muscle, and bone contained excess N™, as shown in Table II. 
Since no criteria of purity of this salt are available and since no other 
characterizable glycine derivative was made, the values obtained may 
differ somewhat from the true values for glycine. However, Bergmann 
and Fox (14) have shown that no other amino acids are precipitated with 
trioxalatochromiate under the conditions used. The presence of a sig- 
nificant concentration of isotope in the glycine salt isolated from the col- 
lagen would imply that nitrogen exchange involved not only end-group 

*The author wishes to express his thanks to Dr. Julius White of the National 
Cancer Institute to whom he is indebted for the N"* assays and for advice. 


| RESULTS AND DISCUSSION 


498 n'® INCORPORATION INTO COLLAGEN 


or amide nitrogen but also peptide bonds. It will be noted that in nearly 
every case the excess of N"* is higher in the glycine than in the collagen 
from which it was isolated. 
Although preparative precautions such as exhaustive extraction with 
Taste I 
N'* Excess in Tissue Fractions 
The N** excess is given in atoms per cent. 
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$87 
426 
—1709 
l 


059)0 .039 
0.032 
17110.158'0.142 
02210.017 
15210. 13510088 
t 1360. 
013 

20510. 11.18 133 


t 

034 
053 
02 
02410. 
087 
057 


© During the experiment, Guinea Pig 2 had maximum weight of 495 and a min- 
imum weight of 473 gm., Guinea Pig 1 a maximum of 451 and a minimum of 418 
gm., and Guinea Pig 6 a maximum of 540 and a minimum of 525 gm. 

t Insufficient nitrogen for isotope analysis. 

¢ Sample lost during transportation. 


dilute alkali were observed in the isolation of the collagen, it must be con- 
sidered whether the isotope ratios obtained represented nitrogen incor- 
poration into collagen or into an adventitious impurity of the collagen 
fraction. This cannot be decided from studies of a tissue such as liver in 
which only about 1 per cent of the nitrogen is collagen nitrogen and in 
which the major proteins of the organ are known to have very high turn- 
over rates. Contamination of the isolated collagen with traces of these 
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"Normal Scurvy | Recovery from scurvy | 
Guines pig No..............1 2 | 1 | 6 | 10 12 | 
Duration administra- 
tien, deys...............1 2 | 00 | 00 | 10 
Weight, beginning of experi- | 
ment, gm................| 490° | 441° | | S30 sos | S84 | (423 | 420 | 46s | 416 
Weight, end of experiment, | 
409 | 443 | S37 | 448 $36 | 426 | 429 | 431 | ssa | 497 
Nitrogen balance, mg. ... +73 | +123 | +04 | —1450 +1903 
Liver, total .326/0 . 230'0 .209/0 . 203 .21210 21010. 40810 20010. 198 
“protein 
“ non-collagen 216/0.200/0. 2170. 403/0. 199.0. 200 
collagen .143}0 .094/0 .093)0 .067 055/0 .064 0 .058)0 . 182 0.067 0.111 
Muscle, total .10910 .059/0 .065)0. O48 03610058 0560 . 107 
protein 08710 04810 .054/0 .031 041 
07810 .046'0 .061 .06210.114 
“ collagen .029}0 .016/0 .043/0 .014 .022/0 .036 
Skin, total .093)0 .065/0. cas 
protein .081 0 .053)0 . 107/0 .030 041 0.03210 .031 
“ non-collagen .160/0.119 
collagen .057'0 .039/0 .044/0 .018 011'0.0130.011 
Bone, total 083 
“ collagen t 10.060)0.087)0. .020/0 .023 150; 
Lung, non-collagen (0.226 1260 131) 
“collagen .063 ).046,0 .034/0 .020 038) 02910 .030/0 
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proteins would obviously have led to spuriously high N** concentrations. 
On the other hand, in skin we possess a tissue in which about 70 per cent 
of the nitrogen is collagen nitrogen. If the isotope values obtained were 
due to contamination of the collagen, either the amount of impurities or 
their isotope concentration would have had to be very large. For ex- 
ample, 20 per cent of the isolated skin collagen would have had to be an 
impurity with an isotope ratio equal to that of liver, the most active tissue 
studied, or, if all of the isotope measured in skin were to have been derived 
from the non-collagen fraction, the isotope concentration of this fraction 
would have had to be higher than that of the corresponding liver fraction. 


Tasie Il 
N** Excess in Glycine Isolated from Collagen 
The N** excess is given in atoms per cent. 


Normal Scurvy Recovery from scurvy 

01 au 0110.011 O17 

.048 0.1100. .007'0.023.0.010 0.017 .061'0 .036 

.016 0.043 0 .014:0.021 0. t .017 0.01 

0.057/ ¢ .032,0.037'0.01 006 

.087 .0170.1 01310 .048 


* Glycine trioxalatochromiate. 
t Sample lost during transportation. 
t Insufficient nitrogen for analysis. 


Either of the above possibilities seems unlikely. Furthermore, since the 
isotope excess in the glycine isolated from skin collagen was higher than 
that in the total nitrogen of the skin collagen and since the recoveries of 
glycine were, in general, 50 to 70 per cent of that estimated to be in the 
collagen (15), the conclusion that isotope had been incorporated into 
collagen would appear warranted. 

In all tissues except one, incorporation of isotope into the collagen, al- 
though appreciable, was less than into the non-collagen fraction. This 
obviously suggests that collagen, taken as a whole, is relatively less active 
than other tissue fractions. However, the data are also consistent with 
the view that, although most of the collagen is stable, the nitrogen of some 
collagen fraction, possibly that on the periphery of the fibers, turns over 
at a rate comparable to that of the other tissue proteins. From the data 
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presented it appears that the relative rates of isotope incorporation dif- 
fered for the collagens from different tissues. In all normal animals the 
pattern was the same; liver collagen had the largest excess, followed in 
decreasing order by bone, lung, skin, and muscle collagen. 

The data on N** incorporation during scurvy and recovery from scurvy 
were not as reproducible as the data for normal animals and were inade- 
quate for quantitative comparisons between groups. However, the finding 
of significant amounts of glycine-N"* in collagen from the tissues of scor- 
butic guinea pigs indicates that even during ascorbic acid deficiency there 
was a turnover of collagen. 

The isotope excess was in general less in the tissue fractions from both 
the scurvy and recovery groups than in those from normal animals with 
weight maintained and was similar to that from the normal animal forced 
to lose weight by caloric restriction. This is surprising since all animals 
received the same amount of N", and in those whose food consumption 
was low (Nos. 11, 7, 5, 10, 3, and 12) the ratio of ingested N* to total 
nitrogen ingested was high. It appears as if low food consumption, 
whether as found in the scurvy group or in the recovery group during the 
first few days after treatment of the scurvy or whether as produced by 
caloric restriction, depressed nitrogen turnover in general. No suggestion 
was found in these data for any specific effect of ascorbic acid on nitrogen 
incorporation into collagen. 

If, as discussed previously, there is no loss of collagen in scurvy even 
though ascorbic acid is necessary for collagen formation, then the findings 
(a) that incorporation of N™ occurred without net formation of collagen, 
(b) that incorporation into collagen took place in scorbutic animals, and 
(c) that ascorbic acid did not increase incorporation during recovery from 
scurvy would suggest that labeled amino acids may get into collagen with- 
out complete resynthesis of the macromolecule from amino acids. This 
interpretation must remain tentative since the need for ascorbic acid in 
the formatiort of organ collagen has not been conclusively demonstrated.’ 

Whether the mechanism of protein turnover in general involves com- 
plete synthesis of protein molecules from amino acids or simply opening of 
peptide bonds with coincident amino acid or peptide exchange has been a 
moot question since turnover was first observed (for ‘‘Discussion,”’ see 
Zamecnik (16)). The interpretation of the present data agrees with the 
results of recent studies by Anfinsen and Steinberg (17) on carbon dioxide- 


5 The formation of collagen in various repair tissues has been shown to be mark- 
edly decreased in the absence of ascorbic acid (4). Nevertheless it is possible, albeit 
unlikely, that small amounts of new collagen are laid down even in the absence of 
ascorbic acid or that the formation of organ collagen, unlike repair collagen, does not 
require ascorbic acid. 
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C* incorporation into the aspartic acid of ovalbumin which also appear to 
exclude de novo resynthesis of the protein. 
SUMMARY 

Glycine-N'* was fed guinea pigs, (a) the weight of which was maintained 
approximately constant, (b) which lost weight because of caloric restric- 
tion, (c) which were acutely scorbutic, and (d) which were recovering from 
acute scurvy. Collagen isolated from liver, lung, muscle, skin, and bone 
in all cases contained excess of N“*, which differed in concentration in the 
collagen from the several tissues. Glycine, isolated from the collagen of 
skin, muscle, and bone, contained excess isotope. 

In general, conditions in which the food intake was low were associated 
with low concentrations of N™ in collagen, even though the amount of 
isotope fed was constant. No specific effect of ascorbic acid was evident. 
The data, when interpreted in the light of previous work, suggested that 
nitrogen turnover in collagen took place without appreciable breakdown 
of the macromolecule. 
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EFFECTS OF ANTICOAGULANTS ON SERUM AND PLASMA* 
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Information concerning the interaction of anticoagulants with plasma 
proteins is limited. Chargaff et al. (1) reported that heparin combined 
with a protein contained in the albumin fraction of plasma, and that the 
presence of this protein was necessary for the anticoagulant action. It 
was also concluded that the interaction of heparin and a labile fraction of 
§-globulin was responsible for the elimination of the 8 anomaly of the elec- 
trophoretic pattern. The relatively high heparin concentration (0.4 per 
cent) used by these workers is greater than necessary to prevent clotting. 
The influence of smaller concentrations of heparin on the electrophoretic 
pattern of serum or plasma has not been studied. The present investiga- 
tion was designed to fill this gap as well ‘as to obtain information on the 
effects of other anticoagulants on plasma proteins. 


EXPERIMENTAL 


Blood was obtained from healthy donors in the University Hospital 
blood bank and from staff members. It was collected in the presence of 
1 mg. per ml. of sequestrene Na2 (disodium ethylenediamine tetraacetate 
dihydrate) (2) or 6 y per ml. of heparin (110 units per ml.) or left to clot 
at room temperature. Serum was separated within approximately 1 hour. 
Other anticoagulants used were Paritol-A (a polysulfuric acid ester of poly- 
anhydromannuronic acid) (3, 4), sodium citrate, and sodium oxalate. The 
effects of heparin and Paritol were reversed by protamine.' 

Samples were prepared for electrophoresis by adding 5 ml. of 0.6 per cent 
NaCl and 3 ml. of H,O to 4 ml. of serum or plasma. Water was added 
to reduce the size of the é-boundary (5). Most of these solutions had a 
pH between 7.8 and 8.0 and all were adjusted to pH 8.1 with n NaOH. 
The majority of the analyses were carried out in an 11 ml. cell with the 
Pearson model of the Tiselius apparatus and in a few instances in a 2 ml. 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. 

‘The sequestrene Na2 was a recrystallized product of the Alrose Chemical Com- 
pany, Providence, Rhode Island. Heparin was obtained from the Connaught Medi- 
cal Research Laboratories, Toronto. Paritol-A was provided by Wyeth, Incorpo- 
rated, Philadelphia. The citrate and oxalate salts were Merck reagent chemicals. 
The protamine was contributed by Eli Lilly and Company, Indianapolis. 
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cell with the Klett model. All runs were made in 0.6 per cent NaCl with- 
out preliminary dialysis and lasted about 120 minutes at a potential gradi- 
ent to 4.3 volts per cm. in the saline supernatant. The schlieren scanning, 
diagonal edge, and interferometric methods (6-9) were employed for re- 
cording patterns. The ascending patterns only were evaluated, because 
the boundaries did not separate well in the descending limb. It should be 
emphasized that the 8 anomaly was never observed in NaCl solutions, 
The concentrations of the components were obtained from fringe counts 
or from the refractive areas. 


Results 


Heparin (Serum)—The effects of various concentrations of heparin on 
the electrophoretic patterns are summarized in Fig. 1 and Table I. No 
change is observed at concentrations up to 60 y per ml. of serum. The 
first effect on the pattern is noticeable at 100 y per ml. and consists of a 
lowering and broadening of the 8-globulin peak. The following changes 
could be distinguished as the concentration of heparin was increased: (a) 
A new peak (X;,) is recorded between the a:- and 8-globulins (100 to 125 
¥ per ml.); (6) the a2-globulin is increased, the 8-globulin is decreased, and 
peak X;, is absent (200 to 250 7 per ml.); (c) an additional boundary (X;) 
is seen between the a;- and a:-globulins, and the -globulin remains de- 
creased (500 to 800 7 per ml.); (d) the a;-globulin is increased, the a:-glob- 
ulin is slightly below the control concentration, and the 6-globulin remains 
decreased (1 mg. per ml.); (e) the a;-globulin is approximately at the con- 
trol level, and the a2- and §-globulins are unchanged (2 mg. per ml.); (f) 
a small shoulder, indicative of a new boundary (X;) emerges ahead of the 
albumin, and the a:- and §-globulin concentrations are the same as de- 
scribed in (d) and (e) (4 mg. per ml.); (g) the shoulder ahead of the albumin 
is accentuated, and there is little further change in the a:- and the 8-globu- 
lin concentrations. The albumin boundary is broadened and the 7-peak 
is completely separated from the 5-peak, owing to an increase in its mobil- 
ity (12 mg. per ml.). 

The data in Table I indicate that the concentrations of the fractions of 
a2- and of 6-globulin which did not react with heparin remain unchanged 
within the range of 1 to 4 mg. of heparin per ml. At these concentrations 
about 50 per cent of the 8-globulin and between 20 and 40 per cent of the 
a2-globulin combine with heparin. At concentrations greater than 1 mg. 
of heparin per ml. of serum the boundary of the excess heparin was noted; 
its mobility was about twice that of the albumin. 

In Fig. 2 the ratio Vx:V, (Vx and V, are the migration velocities of 
the extra peak and of the albumin) is plotted against the concentration of 
heparin. The graph also includes the ratios V.: V4 in those instances in 


lit 


~ 


| Ske 


* 
| 


or 


H. HOCH AND A. CHANUTIN 505 


100 + 250 + 500 + 


750 7 1000+ 


2000 + 


12 MG. 
Fic. 1. Ascending electrophoretic patterns of serum containing heparin. Dotted 
line, controls; solid line, heparin per ml. of serum. 


I 
Effect of Heparin on Electrophoretic Components of Serum 
Relative concentrations, 8 = 100. 


I | 62 (100), II} 84 \(100)) III | 55 |(100) 
70 | 113 
62 | 102 43 | 98 
70 | 105 
IV | 61 |(100) V | 64 (100) 
100 | 5il 105 | 62* 87 51* 88 | 48 
102 49 
49 | 43 38 | 45 
VI | 54 |(100)) VII | 69 VIII | 65 |(100); IX | 61 |(100) 
47 5l 49 51 
41; & 53 | 58 37 | 48 
44| 54 41 46 


* 200 y of. heparin per ml. of serum. 
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which either the a;- or the a;-globulin was increased. It has been assumed 
that the X,-peak is due to a complex of heparin and a fraction of 8-globu- 
lin. Since the points for V.,:V,4 lie on a line drawn through the points 
for Vx,:V 4, the increase in the a:-globulin (Table I) was attributed to the 
B-globulin complex. The X:-peak observed at higher heparin concentra- 
tions could represent either a mixture of B- and a2-globulin-heparin com- 
plexes or a §-globulin-heparin complex alone. It is probable that this peak 
represents a §-globulin complex, since it is likely that the a2-globulin-com- 
plex migrates more rapidly. The amount of the a2-globulin that reacted 
with heparin (Table I) was at most only one-quarter of the total reacting 
fractions of the a- and #-globulins. Since the influence of the a2-globulin 
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Fic. 2. Relation between heparin concentration and relative mobility of the 
heparin-globulin complex. 


on the mobility of X:-globulin cannot be excluded, an interpretation of the 
break in the curve (Fig. 2) is not attempted. , 

The ratios V.,:V,4 and Vs:V, for the non-reacting fractions of a:- and 
8-globulins remained unchanged up to 2 mg. of heparin per ml. of serum 
(Va,:V, = 0.73, o +0.02 (nineteen runs); Vs:V, = 0.525, o +0.02 
(twenty-three runs)). 
‘The finding of Chargaff et al. (1) that the boundary of the excess heparin 

was abnormally large on the descending compared to the ascending pattern 
was confirmed. According to Longsworth ef al. (10), this type of dis- 
crepancy between the two limbs may be interpreted as an interaction of 
heparin with one or more serum components. While it was obvious that 
heparin interacted with fractions of a2- and of B-globulin, evidence of inter- 
action with the albumin in serum could not be obtained from measure- 
ments of the migration velocity of the albumin. Experiments were, there- 
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fore, conducted with mixtures of crystallized human plasma albumin and 
heparin. Comparison of the apparent proportions of heparin in both 
limbs and of the mobilities of heparin in the descending limb at two con- 
centrations of albumin indicated interaction. 

Heparin (Plasma)—The results of the experiments with plasma were 
essentially the same as with serum (Table II). At concentrations of 12.5 
and 25 y of heparin per ml. the solutions were opalescent, but the outline 


Tasie II 
Effect of Heparin on Electrophoretic Components of Plasma 
Concentra Relative positions of peaks in pattern® 
heparin ment No. 
on B B+¢ (a) (b) (¢) (d) 
7 por ml. 
0 I | 58 | (100) 49 0.72 | 0.48 | 0.34 
5 54 95 49 0.71 0.47 0.34 
12.5 56 93 49 0.70 0.47 0.33 
25 57 93 47 0.69 | 0.48 | 0.33 
50 61 100 44 0.70 0.50 0.36 
75 0.70 | 0.52 | 0.34 
125 151t 44 0.70 | 0.48 | 0.35 | 0.59 
0 II 47 (100) - 0.71 0.48 0.34 
200 64 75 0.71 0.50 0.39 
250 68 64 0.71 0.48 | 0.39 
500 70 66 0.75 | 0.51 
0 III 60 | (100) 60 0.71 0.48 0.33 
40003 58 51 0 0.74 | 0.62 


Vas — Vg — Voss Vo — Vass Vx — 


t Additional peak between a;- and 8-globulins. 
V, was used in place of V,,+. 


of the pattern was not affected. The first change in the pattern occurred 
in the 6-globulin boundary at 50 to 75 y per ml.; its peak was broadened 
and its tip migrated about 8 per cent faster than in the control. In addi- 
tion to the changes observed in serum, there was an increase in migration 
velocity of the fibrinogen, observed at 200 and 250 y per ml. At 500 y per 
ml. and at higher levels the fibrinogen peak was missing. The positions 
of the peaks of the non-reacting fractions of the a:- and £-globulins relative 
to the albumin and (y+4)-peaks remained constant to within +3 per cent 
of their migration velocities up to 250 7 per ml. The use of these ratios 
in place of V.,:V, and Vs:V, gave more consistent results. The amount 
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of the reacting fraction of the 6-globulin at 4000 y per ml. was about 50 per 
cent of the total in both the plasma and serum of the same blood. 

Paritol (Serum)—The sequence of patterns obtained with increasing con- 
centrations of Paritol was similar to that observed with heparin (Table 
III). About half as much Paritol as heparin was needed for producing 
the same effects on the pattern. In the presence of relatively high concen- 
trations of Paritol or of heparin, the reacting portions of the a2- and 8-glob- 
ulins were the same (Table I, Experiment VIII; Table III, Experiment 
II). 

Reversal of Reaction by Protamine—It has been shown (1) that the 
changes in the electrophoretic pattern due to the reaction of heparin with 
albumin were reversed on addition of protamine. The effects of heparin 


Tasie III 
Effects of Paritol on Electrophoretic Components of Serum 
Relative concentrations, 8 = 100. 


Experiment I Experiment II 
Concentration of Paritol 
a 8 
7 per ml. serum 
0 45 (100) 65 (100) 
50 48 86 
100 75 
300 76 5l 
500 52 60 
1000 44 5S 39 | Of 


and Paritol on serum could also be reversed by protamine (Fig. 3, Table 
IV). At a moderate heparin concentration (250 y per ml.) the reversal 
was complete. At higher concentrations of heparin or Paritol the results 
were variable. Protamine formed a granular precipitate within 90 min- 
utes at 25° with heparin-containing serum (2000 y per ml.); in the case of 
Paritol no precipitate formed within 3 hours. The concentrations of a:- 
and 6-globulins depended on the time the protamine was allowed to react 
(Table IV). The sum of a2- and 6-globulins after reversal was the same 
as in the control in one and greater than the control in two instances. By 
using smaller amounts of protamine than were necessary for total reversal, 
patterns were obtained which were similar to those obtained with serum 
containing smaller amounts of heparin or Paritol alone. 

The reversal reactions are complicated by the fact that protamine not 
only combines with heparin or Paritol but also with acidic proteins. The 
pattern of a serum to which 3.3 mg. of protamine was added is shown in 
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Fig. 3. Ascending electrophoretic patterns showing the effects of protamine on 
serum containing heparin or Paritol and on albumin. J (Table IV, ExperimentII), 
dotted line, control; dash line, 2 mg. of heparin per ml. of serum; solid line, 2 mg. of 
heparin + 3.3 mg. of protamine per ml. of serum. J/ (Table IV, Experiment IV), 
dotted line, control; dash line, 1 mg. of Paritol per ml. of serum; solid line, 1 mg. of 
Paritol + 3.3 mg. of protamine per ml. of serum; electrophoresis after 17 hours at 4°. 
IIT, same as 11; electrophoresis after 1 hour at 25°. JV, Curve 1, 10 mg. of human 
erystalline albumin per ml.; Curve 2, 10 mg. of human crystalline albumin + 550 > 
of protamine per ml. V, dotted line, control serum; solid line 3.3 mg. of protamine 
per ml. of serum. The precipitate which formed on addition of protamine was re- 
moved by centrifugation. 


TaBLe IV 
Reversal by Protamine of Effects of Heparin and Paritol on az- and B-Globulins of Serum 
Experiment No. | Heparin Paritol | Protamine 
protamine (8 = 100) 
per mil. per mi. per mi. min. 
I 0 65 (100) 
250 415 5 (32°)* 67 102 
250 415 45 (32°)* 65 102 
hrs. 
Il 0 59 (100) 
2000 3330 17 (4°)t 76 112 
Ill 0 65 (100) 
1000 3330 4 (25°)T 61 91 
IV 0 60 (100) 
1000 3330 1 (25°)* 100 155 
1000 3330 17 (4°)t 63 145 
* No precipitate formed. 


t The precipitate developing on addition of protamine was removed by centrifu- 
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Fig. 3. The large peak in the a;-globulin region probably arose from albu- 
min and protamine, since a similar peak was formed from these two sub- 
stances in the absence of the other serum components (Fig. 3). In the 
experiments in which the effects of heparin or Paritol were reversed by pro- 
tamine, little or no increase in the concentration of a2-globulin was found; 
apparently most of the protamine reacted with the anticoagulant. Small 
concentrations of protamine, added to serum, did not have any noticeable 
effect on the pattern (Table V). 

Oxalate (4 mg. per ml. of serum), sequestrene (0.4 and 3 mg. per ml.), 
and citrate (4, 8, 15, and 30 mg. per ml.) did not affect the ratio a.-globu- 
lin to 6-globulin with non-dialyzed samples. The patterns were identical 
with the controls when dialyzed samples were studied. 


TaBLe V 
Effect of Protamine on Electrophoretic Components of Serum 
Concentrations in fringe counts. 


Concentration of protamine a3 8 
7 per ml. serum 
0 ll 19 67 
208 11.5 19.5 61 
415 11 19.5 67 
DISCUSSION 


Chargaff, Ziff, and Cohen (11) demonstrated that heparin displaces the 
phospholipide component of lung thromboplastic protein and of a cephalin- 
histone compound. It could be assumed that a similar reaction occurs 
between heparin or Paritol and the plasma lipoproteins. However, the 
ability of protamine to restore the original electrophoretic pattern might 
indicate that the linkages between lipides and plasma proteins have not 
been disrupted in the reaction of lipoproteins and heparin. It is of interest 
that Snellman et al. (12) recently isolated a lipoprotein-heparin complex 
from ox liver and rat skin. 

In order to justify the comparison between the concentration values ob- 
tained from the ascending patterns of sera containing heparin or Paritol 
and the controls, it was necessary to ascertain that the size of the 5-bound- 
ary was not appreciably changed by the addition of these two substances. 
It was not possible to measure the size of the 5-boundary because the 7- 
globulin did not separate under the experimental conditions. Measure- 
ments of the (7+4)-boundaries showed a maximal variation in area of +4 
per cent up to concentrations of 2 mg. of heparin per ml. or 1 mg. of Pari- 
tol per ml. The changes observed in the size of the a;- and §-globulin 
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boundaries should, therefore, represent changes in concentration of these 
components in the sample. 

Minimal amounts of heparin sufficient to prevent clotting increased the 
opalescence of the plasma without having any effect on the electrophoretic 
pattern. The changes in the pattern were observed at higher concentra- 


tions of heparin and they are probably not related to the anticoagulant 
mechanism. 


SUMMARY 
An electrophoretic technique for studying non-dialyzed serum in NaCl 
was utilized to investigate the reactions of anticoagulants with serum or 


plasma 


Low ‘concentrations of heparin and Paritol, sufficient to prevent blood 


clotting, did not influence the electrophoretic patterns. At higher concen- 
trations, these anticoagulants formed complexes with components of a2- 
and §-globulins and with fibrinogen. The mobilities of these complexes 
depended on the concentration of the anticoagulant. About 50 per cent 
of the 8-globulin and between 20 and 40 per cent of the a;-globulin were 
involved in the reaction at concentrations of 2 mg. per ml. of heparin or 1 
mg. per ml. of Paritol. The interaction with albumin and y-globulin was 
comparatively small. 


Protamine was shown to reverse the effects of moderate concentrations 


of heparin. 


Oxalate, sequestrene, and citrate did not affect the patterns. 
The authors are indebted to Charles F. Farnsworth, Jr., for his technical 


assistance. 
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NEUROSPORA TYROSINASE* 


By N. H. HOROWITZ anv SAN-CHIUN SHEN 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, March 3, 1952) 


The existence of a tyrosinase in Monilia sitophila (now Neurospora 
sitophila) was shown by Went in 1901 (1). Recently the enzyme has been 
found in the closely related species Neurospora crassa by Fox and Gray (2), 
who have published a study of tyrosinase in the two mating types of the 
albino mutant No. 15300. These authors report that extracts of strain 
15300a, but not of strain 15300A, contain an enzyme which converts 
tyrosine and 3,4-dihydroxyphenyl-L-alanine (dopa) to a melanic pigment. 

Several years ago we observed that a mutant, No. 84605a, of N. crassa, 
which requires tyrosine and cysteine (or methionine) for growth at 25°, 
exhibited a much higher tyrosinase activity than did the wild type parents 
from which it was derived (3). When cultured at 35°, the mutant showed 
neither a tyrosine requirement nor any tyrosinase activity; the cysteine 
requirement was retained. These results suggested the following working 
hypotheses: (a) that the tyrosine requirement at 25° resulted from the high 
tyrosinase activity, (b) that the high tyrosinase activity was a consequence 
of the derangement in sulfur metabolism, and (c) that tyrosinase synthesis 
is inhibited at 35°. Unfortunately, it was found that mutant 84605a is 
very unstable, spontaneously losing both its tyrosine requirement and its 
high tyrosinase activity; the cysteine requirement is stable. Because of 
this instability, it has not been possible to obtain critical evidence bearing 
on hypothesis a mentioned above. Experiments subsequently carried out 
with wild type strains have shown, however, that tyrosinase activity in 
Neurospora is, in fact, dependent both on the level of sulfur nutrition and 
on the temperature of cultivation. In contrast to the observations of Fox 
and Gray, we have found no dependence on the mating type. The results 
of our experiments, together with a brief description of some of the proper- 
ties of Neurospora tyrosinase, are summarized below. 

A discussion of some of these findings as they relate to the general prob- 
lem of melanic differentiation in animals has been presented elsewhere (4). 


* This work was aided by a grant from the Nutrition Foundation, Inc., and by 
funds from the Atomic Energy Commission administered through a contract between 
the Office of Naval Research, United States Navy Department, and the California 
Institute of Technology (NR-16-4010). 
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Materials and Methods 

The strain principally used in this study was wild type 4A. Wild type 
25a has been used occasionally, and albino strains 15300A and 15300, 
were employed in one set of experiments as noted below. Some of the 
data bearing on the properties of the enzyme were obtained with mutant 
84605a. Use of this strain was discontinued in later experiments. 

Stock cultures were carried on a complete medium described previously 
(5). 

Two liquid media were employed in growing cultures to be used for 
tyrosinase determinations. One was the standard minimal medium rou- 
tinely used in work with Neurospora (5), and the other was a sulfur- 
deficient variation containing 0.00785 gm. of MgSO,-7H,0 plus 0.4 gm. of 
MgCl,-6H,O per liter in place of the usual 0.5 gm. of magnesium sulfate. 
These media are referred to as “standard” and “low sulfur” media, re- 
spectively. The low sulfur medium contains approximately 1.57 per cent 
as much sulfur as the standard medium. 

Cultures were grown for 6 or 7 days at the desired temperature in 20 ml. 
of standard or low sulfur medium contained in 125 ml. Erlenmeyer flasks. 
The mycelium was washed in a large volume of distilled water and the ex- 
cess water removed by suction on a Biichner funnel. The pads were 
weighed and then ground with sand and 20 ml. of cold 0.1 m phosphate 
buffer, pH 6, per gm. of wet weight of mycelium; the mortar was kept in an 
ice bath during grinding. The preparation was centrifuged in a clinical 
centrifuge for 5 minutes to remove sand and débris, and the cloudy super- 
natant solution was used as a source of the enzyme. 
cally. In the manometric experiments, 2 ml. of the crude enzyme prepa- 
ration were used in each Warburg vessel, with 0.25 ml. of m/60 L-tyrosine 
or dopa in the sidearm. Tyrosine was dissolved in «/60 sodium hydroxide. 
Alkali was used in the well; the atmosphere was air and the temperature 30°. 

Colorimetric determinations were carried out with a Klett-Summerson 
photoelectric colorimeter, with blue filter No. 42. Into each colorimeter 
tube was placed 0 to 1 ml. of the enzyme preparation, sufficient buffer 
(0.1 m« phosphate, pH 6) to bring the volume to 4.5 ml., and 0.5 ml. of 
m/60 tyrosine or dopa. The reactants were brought to temperature equi- 
librium in a water bath at 30° before mixing, and the tubes were kept in 
the bath between readings. Readings were taken at 5 to 30 minute in- 
tervals, depending on the activity of the preparation. The tubes were 
shaken frequently by hand to maintain oxygen equilibrium. This method 
is essentially identical with that used by Markert (6) in an investigation of 
Glomerella tyrosinase and has given good results in our hands. 
ality between enzyme concentration and the maximal rate of color devel- 
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opment obtains within the period of formation of the red intermediate, hall- 
achrome (Table I). The stage of hallachrome formation is followed by a 
rapid drop in the rate as melanin begins to precipitate. Readings taken 
during the period of melanin precipitation are erratic and are valueless for 
quantitative comparisons. 


Tasie I 
Linear Relationship between Enzyme Concentration and Rate of Hallachrome 
Formation 
Crude extracts of Neurospora, grown of low sulfur medium at 25°, assayed by 
the colorimetric method. The indicated quantities of extract were pipetted into 
separate colorimeter tubes, the volume brought to 4.5 ml. with buffer, and 0.5 ml. 
of «/60 L-tyrosine added. Rates are expressed in colorimeter units (c.u.). The 
calculated rates are the most probable values as determined by the method of least 


| Maximal rate 
Strain No. "Volume of extract 
| Observed Calculated 
mi. ¢.%. per 10 min. 6.8. per 10 min. 
4A | 0.50 8S 89.0 
0.25 45 44.5 
0.10 20 17.8 
0.05 9 8.9 
0.02 3 3.6 
0.01 1 1.8 
25a 0.50 82 78.0 
0.40 60 62.4 
0.20 28 31.2 
0.10 14 15.6 
0.05 10 7.8 


RESULTS AND DISCUSSION 


Dependence of Tyrosinase Activity on Level of Sulfur Nutrition 

Little or no tyrosinase activity can be demonstrated in crude extracts 
of wild type Neurospora grown for 1 week on the standard medium at 25°. 
The extracts become active, however, when dialyzed overnight against 
0.1 m phosphate at pH 6 in the cold. The effect of dialysis is to remove 
an inhibitor of the enzyme. The presence of an inhibitor can be demon- 
strated directly by mixing the crude extract with an active preparation of 
the enzyme (Table II). 

A clue to the probable nature of the inhibitor was obtained in the course 
of a study of the genetics of sulfur metabolism in Neurospora being carried 
on in this laboratory. It was noted by Dr. M. Fling that the cultures 
tend to develop a black pigmentation when maintained on a sulfur-de- 
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ficient medium. Acting on the assumption that the pigment might be a 
melanin, we assayed sulfur-deficient cultures for tyrosinase. The cultures 
were grown on the low sulfur medium described above. Growth on this 
medium, measured as dry weight of mycelium produced in 72 hours, is 
about one-third of that produced on the standard medium. Strong tyro- 
sinase activity was found in crude undialyzed extracts of the sulfur-de- 
ficient cultures, in contrast to the results obtained with similar extracts of 
normal cultures. The activity of sulfur-deficient extracts is considerably 
higher than that of dialyzed normal extracts. This result may indicate 
increased tyrosinase synthesis in sulfur-deficient cultures, or it may be due 


II 
Influence of Level of Sulfur Nutrition on Production of Tyrosinase Inhibitor 
Strain 4A cultured at 25° on the indicated media was the source of the enzyme. 


Medium Extract Aliquot taken Substrate Activity 
~ 
1 Standard Crude 1.0 L-Tyrosine 0 
Dialyzed 1.0 13 
as Crude 1.0 L-Dopa 6 
Dialyzed 1.0 30 
Low sulfur Crude 1.0 L-Tyrosine 162 
Dialyzed 1.0 175 
2 Standard Crude 0.5 . 0 
Low sulfur 0.5 ” 129 
Low sulfur “ 


to failure to remove the inhibitor completely from high sulfur extracts by 
dialysis. Typical data are shown in Tables II and III. 

It seems probable that the inhibitor is a sulfur-containing substance 
which accumulates in cultures grown on the standard medium. This 
suspicion is strengthened by the fact that the enzyme is strongly inhibited 
by sulfur compounds which form copper complexes such as cysteine and 
diethyldithiocarbamate, either of which inhibits completely at a concen- 
tration of 10-* m. Sulfate does not inhibit the enzyme. An attempt to 
identify the natural inhibitor is in progress. It may be noted that there 
is evidence that mammalian tyrosinase is inhibited by sulfhydryl com- 
pounds in the skin (7). 

The effect of sulfur deficiency resembles at least superficially the effects 
of biotin restriction on L-amino acid oxidase production by Neurospora (8) 
and of biotin, zinc, or calcium deficiency on the diphosphopyridine nucleo- 
tidase level (9) previously described. In each case there is an increase in 
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enzymatic activity in cultures grown under conditions of deficiency. 
These phenomena are not to be regarded as non-specific physiological 
responses to suboptimal conditions of growth, but as signs of specific nu- 
tritional states. This is shown by the fact that biotin restriction does 
not enhance tyrosinase activity, while sulfur deficiency does not increase 
production of the L-amino acid oxidase (10). There is reason to believe 
that a net increase in L-oxidase and diphosphopyridine nucleotidase pro- 
duction occurs under the nutritional conditions mentioned (9, 10). On the 
other hand, the effect of sulfur deficiency on tyrosinase activity is at least 
partly accounted for on the basis of decreased production of the tyrosinase 
inhibitor. 
Temperature 

The temperature at which cultures are grown is another important 
determinant of tyrosinase activity in Neurospora. Little activity can be 
demonstrated in extracts of mycelium grown at 35°, regardless of the level 
of sulfur nutrition. Compared to similar cultures grown at 25°, the re- 
duction in tyrosinase activity is approximately 95 per cent. These ex- 
tracts are not activated by dialysis. The possibility of the occurrence of a 
non-dialyzable inhibitor was tested in mixing experiments, with negative 
results. These findings, summarized in Table III, indicate a net reduction 
in tyrosinase synthesis at 35°. 

Since the enzyme obtained from cultures at 25° is quite active and fairly 
stable at 35° (50 per cent loss in activity in approximately 6.5 hours), it 
has been suggested that the deficiency of tyrosinase in cultures at 35° is 
due to inactivation of the tyrosinase-synthesizing mechanism (4). This 
interpretation is now open to question in view of the results of recent - 
experiments in which the thermostability of crude tyrosinase from wild 
type 4A has been compared with that of similar preparations from a mu- 
tant which is characterized by the production of strong tyrosinase activity 
at both 25° and 35°. The results indicate a significantly greater thermo- 
stability of enzyme preparations from the mutant. This problem is under 
further investigation. 

At this point it is worth mentioning a curious activation which is ob- 
served in tyrosinase preparations that have been stored in the refrigerator 
at 0° for several days. Cold treatment increases the activity of extracts of 
cultures grown on low sulfur medium at 25° by as much as 2- to 3-fold, and 
it induces a small but significant activity in extracts of cultures grown on 
low sulfur medium at 35° which were inactive when fresh (Table IV). 
The mechanism of this effect is not understood. Growth of microorgan- 
isms seems to be ruled out as the cause, since the same effect is obtained 
when the preparations are refrigerated under toluene. A similar phenom- 
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enon has been noted by Ginsburg (11) in dopa oxidase preparations from 
guinea pig skin. The effect may be related to the activation of grass- 


hopper tyrosinase by various protein denaturants described by Bodine t: 
et al. (12). A 
Taste III a 
Influence of Temperature of Cultivation on Tyrosinase Activity of Strain 4A : 
tioa Extract Aliquot taken Substrate Activity 
No. a 
al 
*C. ml. ber te u 
1 | Standard | 25 | Crude 2.0 L-Tyrosine | 0.2 st 
25 | Dialyzed | 2.0 9.7 
35 | Crude 2.0 0.0 a 
35 | Lialyzed | 2.0 0.2 ol 
= 35 | Crude 2.0 L-Dopa 0.3 tl 
35 | Dialyzed | 2.0 0.2 
Low sulfur | 25 | Crude 1.0 L-Tyrosine | 33.1 Ct 
Standard | 35 | Dialyzed fr 
2 Low sulfur | 25 | Crude 0.5 = 40 p 
35 1.0 “ 4 
25 0. 41 al 
35 0.5 Mixed 
35 l. Mixed 53 
1 sf Mixed 50 
Tasie IV 
Activation of Neurospora Tyrosinase on Standing al 0° a 
Strain 4A, grown on low sulfur medium. The crude extracts were stored at 0° - 
for the indicated periods of time before assaying for enzyme activity. 1 ml. of | 
each extract was used per determination. 
in 
Days at 0° Substrate 
per 10 min. ra 
25 0 L-Tyrosine 30 at 
25 0 L-Dopa 26 0} 
25 1 L-Dopa 56 ty 
25 3 L-Tyrosine 45 
25 3 L-Dopa 75 al 
35 0 L-Tyrosine 0 q 
35 4 16 2) 
35 4 (Under toluene) « 14 
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Mating Type 

Fox and Gray (2) have reported that tyrosinase is present in mating 
type a of albino mutant 15300, but that it is absent from the mating type 
A. They suggest that the enzymatic difference may be governed by the 
mating type locus. Our experiments, however, have shown no significant 
difference in tyrosinase production between wild type strains 4A and 25a 
(Table I). We have also assayed strains 15300A and 15300a for tyrosinase 
activity and find that both strains are capable of synthesizing tyrosinase 
and to about the same extent. In one experiment, for example, 1 ml. of 
an extract of strain 15300a oxidized tyrosine at the rate of 68 colorimeter 
units per 10 minutes, while a similar preparation from strain 15300A 
showed an activity of 73 colorimeter units per 10 minutes. 

The discrepancy between our results and those of Fox and Gray can be 
ascribed either to the occurrence of a spontaneous mutation in their line 
of mutant 15300A, abolishing tyrosinase synthesis, or to differences in 
the conditions of our respective experiments. Our determinations were 
carried out with fresh extracts of week old cultures grown at 25° on the 
synthetic low sulfur medium; the extracts of Fox and Gray were prepared 
from frozen homogenates of cultures grown for 12 or 13 days on a com- 
plex medium at 30°. Other, minor, differences in our respective procedures 
are also apparent. 


Some Properties of Neurospora T yrosinase 


The Neurospora enzyme appears to be similar to tyrosinases from other’ 


sources in those of its properties we have examined. It oxidizes tyrosine 
and dopa through a red (hallachrome) stage to a melanic pigment. Tyra- 
mine is also readily attacked; catechol, gallic acid, hydroquinone, and 
phenol are slowly oxidized. The pH optimum for the oxidation of tyro- 
sine lies between pH 6 and 7 in phosphate buffer. The Michaelis constant 
with tyrosine as substrate is estimated at 8 X 10~. 

A lag, or induction period, of variable duration is frequently observed 
in the oxidation of tyrosine. The lag is longer, the more dilute the en- 
zyme. The linear relationship between enzyme concentration and the 
rate of tyrosine oxidation, the latter being defined as the maximal rate 
attained in the course of the reaction, has already been mentioned. Total 
oxygen comsumption in our experiments was 2.9 and 4.2 atoms of oxygen 
per molecule of t-dopa and 1-tyrosine, respectively. As with mushroom 
tyrosinase (13), however, the extent of the reaction is a function of the 
amount of enzyme present. Higher total oxygen consumptions than those 
quoted above might therefore be obtained with more concentrated en- 
zyme preparations than we have used. 

Fox and Gray (2) reported a reduction in tyrosinase activity following 
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Seitz filtration of Neurospora extracts, indicating either that the enzyme 
is adsorbed by the filter or that it is particle-bound. We have tested the 
latter possibility by centrifugation of an extract at 20,000 x g for 20 
minutes and assaying both the clear supernatant solution and the precipi- 
tate for enzyme activity. 85 per cent of the activity remained in the 
supernatant solution. It is concluded that Neurospora tyrosinase as ob- 
tained in extracts is for the most part in a soluble state. 


SUMMARY 


Tyrosinase production by wild type Neurospora is dependent both on 
the level of sulfur nutrition and on the temperature of cultivation. Strong 
activity is found in extracts prepared from sulfur-deficient cultures, weak 
activity in extracts of cultures grown on a sulfur-sufficient medium. This 
effect is due in part to the presence of a dialyzable inhibitor of tyrosinase 
in sulfur-sufficient cultures. The inhibitor is presumably a sulfur com- 
pound whose synthesis depends on the rate of sulfur supply. The enzyme 
is inhibited by known copper-combining sulfur compounds. 

The relationship between sulfur nutrition and tyrosinase activity holds 
for cultures grown at 25°, but not for cultures grown at 35°. Cultures 
grown at the higher temperature are almost devoid of ensyme activity at 
either level of sulfur nutrition. 

An increase in the tyrosinase activity of extracts is observed following 
storage of the extracts in the cold for several days. 

No dependence of tyrosinase production on the mating type of the 
organism was found in our experiments. 

Neurospora tyrosinase is a soluble enzyme which resembles mushroom 
and other tyrosinases in many of its properties. 
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THE STRUCTURE AND MICROBIOLOGICAL ACTIVITY 
OF SOME DINUCLEOTIDES ISOLATED FROM 
YEAST RIBONUCLEIC ACID* 
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(From the Laboratories of The Rockefeller Institute for Medical Research, 
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Lactobacillus helveticus 335 (ATCC) has previously been shown (1) to 
require uracil for growth, and to be unable to substitute other pyrimidines, 
purines, nucleosides, or mononucleotides for this purpose. When yeast 
ribonucleic acid was treated with strong HCl for a few minutes at 25°, the 
partial hydrolysate was able to replace the uracil requirement of this organ- 
ism. Since this preparation contained no detectable free uracil and the 
activity was lost after a short additional exposure to the acid, it was sug- 
gested that oligonucleotides might be responsible for the effect. The pres- 
ent investigation has shown this to be the case. 

Although several investigators have recently described the preparation 
of oligonucleotides from enzymatic digests of both ribonucleic acid and 
desoxyribonucleic acid (2-5), the isolation of these compounds in analyti- 
cally pure form has not been reported. 

Through application of the ion exchange chromatographic techniques 
developed by Cohn (6-8), several analytically pure dinucleotides have now 
been isolated from acid-treated yeast ribonucleic acid. These compounds 
have been shown to be 5’-(b (or a)-guanylyl)-cytidylic acid b (Fig. 1),' 
5’-(b (or a)-adenylyl)-cytidylic acids a and b, 5’-(b (or a)-cytidylyl)-adenylic 
acid b, 5’-(b (or a)-cytidylyl)-cytidylic acid a, 5’-(b (or a)-cytidylyl)-cyti- 
dylic acid b, uridylic acid-cytidylic acid dinucleotide, and adenylic acid- 
diguanylic acid trinucleotide. Certain of them replaced the uracil require- 
ment of L. helveticus 335. 


EXPERIMENTAL 


Microbiological Assay—The assay procedure was exactly as described 
previously (1) for the determination of uracil with L. helveticus 335. Strict 


* A preliminary report of this work has appeared (Federation Proc., 11, 258 (1952)). 
! Throughout this paper the designations a and b refer to the relative positions of 
the mononucleotides on ion exchange columns as described by Cohn (7). Since, 
at the present time, the structure proofs for the a and b isomers of the ribonucleotides 
are ambiguous (9), the designation in this formula of the 6b isomers as the 3’-phos- 
phate is only tentative. 
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adherence to these conditions was necessary for a successful assay. The 
medium was altered by increasing the oleic acid to 3 mg. per 100 ml. and 


Fig. 1. 5’-(6 Guanylyl)-cytidylic acid b. See foot-note 1 
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Fic. 2. Response curves of L. helveticus 335 after 72 hours incubation. Curve A, 
uracil (1.00 7 per ml.); Curve B, uridylic acid-cytidylic acid dinucleotide (8.34 

+ per ml.); Curve C, yeast nucleic acid partial hydrolysate (100 7 per ml.). Acid g 

production has been corrected for the uninoculated control. \ 

a 

by omission of norleucine, norvaline, pyridoxal, choline, and inositol. a 

Since dissimilar response curves to uracil and the dinucleotides and nu- ti 
cleic acid partial hydrolysate were obtained (Fig. 2), too much significance 

should not be attached to the exact values for the activities of nucleotides x 
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reported. However, the relative activities are comparable since all of the 
dinucleotides gave growth curves of similar shape. These relative activi- 
ties were calculated at an arbitrary uracil level (0.25 y per tube); that is, 
at the concentration required to give the same titration as this amount of 
uracil. 

Nucleic Acid Hydrolysis—In preliminary studies the nucleic acid 
(Schwarz) was dissolved in water (10 mg. per ml.) by careful addition of 
dilute NaOH to pH 6.8. An aliquot was removed as a zero time control. 
With stirring, an equal volume of concentrated HCl was added and, after 
appropriate times, aliquots of the mixture were removed, diluted with 50 
volumes of cold water, neutralized with NaOH, and made to volume for 
assay. The microbiological activity at 0, 1, and 3 minutes was 30, 85, and 
93 per cent respectively.2 Activity decreased to 63, 26, and 12 per cent 
after 7, 15, and 30 minutes respectively. These figures show that the acid- 
labile oligonucleotides produced during the partial hydrolysis were much 
more active than the untreated nucleic acid. However, undegraded nu- 
cleic acid probably has activity because (1) growth on nucleic acid relative 
to uracil increased with incubation time, (2) dialysis of a nucleic acid solu- 
tion did not remove the activity, and (3) sterilization of the nucleic acid 
by filtration reduced the activity to one-quarter of that observed when the 
sample was sterilized by heating with the medium. Nevertheless, appre- 
ciable activity remained in the unheated preparation. 

In the large run to be described, 20 gm. of yeast nucleic acid (isolated 
in the laboratories of P. A. Levene) were treated with 300 ml. of 6 n HCl 
for 3 minutes at 25°. The mixture was poured into 2 liters of ice water, 
neutralized with dimethylamine, and evaporated under reduced pressure 
toa syrup. Addition of 10 volumes of ethanol and adjustment to pH 3.0 
gave a precipitate which was washed several times with ethanol and air- 
dried 


Ion Exchange Chromatography—The excellent methods of Cohn (6-8) for 
nucleotide fractionation wjth Dowex | resin (200 to 400 mesh) have been 
employed throughout. The course of the elution was followed by measure- 
ment of ultraviolet absorption on the Beckman model DU spectrophotom- 
eter. 
For the principal run from which most of the samples were obtained, 9.2 
gm. of the air-dried solid from the nucleic acid hydrolysate described above 
were dissolved in 500 ml. of water and adsorbed on a 2 X 40 cm. column 
at pH 7.0. Elution was begun with 0.003 n HCl, increased to 0.007 Nn 
after 14 liters of effluent, and to 0.020 n after another 12 liters. The elu- 
tion curve and microbiological activities of the various fractions are shown 


* Per cent activity = ((uracil activity found)/(total uracil content of sample)) 
xX 100. 
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in Fig. 3. Of the total activity put on the column, 31 per cent was recoy- 
ered after elution with 3 liters of 0.02 Nn HCl. At this point 28 per cent of 
the total weight (in terms of Deg absorption) had been recovered, of which 


approximately 30 per cent was mononucleotides and 70 per cent oligonu- 
cleotides. 
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Fic. 3. Optical density and microbiological activity of ion exchange column elu- 
ates from yeast nucleic acid partial hydrolysate. 


The mononucleotides were found in the following fractions: cytidylic 
acid, Fractions A and B; adenylic acid, Fractions D, E, and F; uridylic 
acid, Fractions I, J, and K; and guanylic acid, Fractions N and O. 

Isolation and Evidence for Purity of Dinucleotides—5'-(b (or a)-guanylyl)- 
cytidylic acid b was obtained from Fraction P (Fig. 3) by rechromatograph- 
ing on a 1 X 30 cm. column. The peak of the guanylyl cytidylic acid 
fraction emerged after elution with 3200 ml. of 0.005 n HCl. The 1823 
ml. comprising the majority of the fraction were put through a 1 X 3 cm. 
column and eluted in a small volume with 0.1 n HCl. The dinucleotide 
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was isolated by neutralization with dimethylamine, evaporation under re- 
duced pressure to dryness, addition of 20 ml. of ethanol, and precipitation 
by the addition of HCl to pH 3. The flocculent white solid was washed 
repeatedly with ethanol to remove traces of dimethylamine hydrochlo- 
ride, and then with ether and dried at 60° over P.O;. The yield was 
45.8 mg. 
Calculated. N 16.8, P 9.3, N:P 1.81 
Found. 


TaBie 
Ry, Values of Dinucleotides 


Solvent 
| t-Butyl alcohol-HCl 

Adenylyl cytidyliec acid................ 0.72 0.17 0.38 
Cytidylvl adenylic acid................ 0.79 0.26 0.43 
Guanylyl cytidvlie acid................ 0.79 0.21 0.33* 
Cytidyvlyl eytidylie acid a............. 0.82 0.53 0.40 
Cytidylyl eytidylie acid b............. 0.83 0.54 0.39 
Uridylic-cytidylic dinucleotide. ........ 0.86 
Adenylic-diguanylic trinucleotide... ... 0.66 0.03,¢ 0.10 0.09,t 0.25,f 0.38* 
Adenvlic-guanylic Frac- | 

Adenylyl cytidine................. 0.55 
Guanylyl cytidine. .................... 0.64 | 0.15 


*Guanylic acid-containing compounds fluoresce under ultraviolet light in this 


solvent. 
t Present in small concentration. 


The homogeneity of this compound was further established on a 1 X 26 
em. Dowex 1 formate column from which a single symmetrical peak re- 
sulted after elution with 4000 ml. of 0.20 N formic acid, followed by 635 ml. 
of 0.50 n formic acid. Paper chromatography (Whatman No. 1 paper) 
with three solvent systems also showed the compound to be a single sub- 
stance (Table I). The solvent systems were 5 per cent Na:H PO,-isoamyl 
alcohol described by Carter (10) and (NH,)2SO,-isopropyl alcohol and ¢- 
butyl aleohol-HCl described by Markham and Smith (11). The latter sys- 
tem was especially useful for the resolution of cytidylic acid and uridylic 
acid. A Mineralite lamp was used to detect the spots on paper. 

As a further criterion of purity, the spectrum of the dinucleotide in 0.01 
N HCl was compared with the sum of the spectral curves of its component 
mononucleotides (Table II). A good fit was observed. 

5’-(b (or a)-adenylyl)-cytidylic acid was obtained from Fraction L (Fig. 
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3) by the procedure described for the previous compound. The yield was 
48 mg. 
CisH2sOuNsPs. Calculated. N 17.2, P 9.5, N:P 1.81 
Found. "Oe 1 


Paper chromatograms and the absorption spectrum (Tables I and IT) 
also indicated that this was a homogeneous substance. On the basis of 
hydrolysis experiments to be described, however, it was shown to be an 
isomeric mixture containing both a and b forms of cytidylic acid. 


Tasie II 
Ultraviolet Absorption Data on Dinucleotides* 
| | 

#225 
Adenylyl cytidylic acid.................. 264 234 21.4 20.6 0.78 
Adenylyl cytidine....................... 265 232 0.77 
Cytidylyl adenylic acid................. 264 234 0.75 
Adenylic acid + cytidylic acid.......... 265 233 21.4 20.3 |. 0.80 
Guanylyl cytidylic acid................. 274 232 20.8 18.3 1.08 
Guanylyl cytidine....................... 275 232 1.08 
Guanylyl acid + cytidylic acid.......... 277 233 20.7 17.3 1.18 
Cytidylyl cytidylic acida............... 279 240 27.1 14.8 1.83 
Cytidylyl cytidylic acid b............... 279 240 23.0 13.6 (1.83 
279 | 21 8627.0 13.7 
Uridylic-cytidylic dinucleotide. .... 2900 235 | 18.5 | 16.5 «0.94 
Uridylic acid + cytidylic acid........... 270 235 19.1 16.4 1.00 
Adenylic-diguanylic trinucleotide........ 257 229 34.5 | 33.9 0.48 
Adenylic acid + 2 X guanylic acid...... 256 227 35.7 | 34.4 0.49 


* All measurements were in 0.010 n HCl. 


’-(b (or a)-cytidylyl)-adenylic acid 6 was obtained from Fraction J by 
rechromatographing on a 1 X 11 cm. column. 756 ml. of 0.003 n HCl 
were required to reach the peak. After isolation as for the previous com- 
pounds, 5.4 mg. were obtained. 


CisH2sONsP:. Calculated, P 9.5; found, P 9.7 


By paper chromatography and ultraviolet absorption this compound was 
homogeneous. 

5’-(b (or a)-Cytidylyl)-cytidylic acid a and 5’-(b (or a)-cytidylyl)-cyti- 
dylic acid b were isolated from Fraction C (Fig. 3) by readsorbing on a 1 X 
10 cm. column and eluting with 0.0015 n HCl. The volume to the peak of 
the a isomer was 1180 ml. and to the b isomer 1800 ml. The designation 
of the two dinucleotides as a and b isomers of cytidylic acid refers only to 
their relative positions on this column. While it is likely that the faster 
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moving dinucleotide (called a) contains cytidylic acid a, this has not been 
determined on hydrolysates. Since the separation of the two was not com- 
plete, only the material lying to either side of the overlapping area was 


III 
Rp Values of Alkaline Hydrolysis Products from Dinucleotides 
Solvent 
NasHPO,-isoamy! (NH4):SO¢-isopropy] 
alcohol alcohol alcohol HCI 

Cytidylic acid b................ 0.83 0.71 0.50 
Uridylic acid b................ 0.85 0.63 0.82 
Adenylic acid b............... 0.58 0.16 0.43 
Adenylic acida................ 0.67 0.26 0.43 
Guanylic acid b................ 0.74 0.28 0.38 
Guanylic acida............... 0.74 0.40 0.38 
0.76 0.68 0.36 
0.77 0.57 0.61 
ou 0.65 0.25 0.25 
Adenylyl cytidylic acid........ 0.57, 0.65, 0.83 | 0.17, 0.27, 0.69 | 0.49 
Cytidylyl adenylic acid. ....... 0.57, 0.81 0.14, 0.69 
Guanylyl cytidylic acid. ....... 0.76, 0.85 0.29, 0.40, 0.69 | 0.41, 0.50 
Cytidylyl cytidylic acid a...... 0.80 0.70 0.49 
Cytidylyl cytidylic acid b...... 0.80 0.74 0.48 
Uridylic-cytidylic dinucleotide*| 0.85 
Adenylic-diguanylic trinucleo- 

0.57, 0.65, 0.74 | 0.21, 0.32 0.42, 0.48 
Adenylic-guanylic oligonucleo- 

tide, Fraction N............. 0.57, 0.65,0.75 0.17, 0.27,0.37 | 0.40, 0.46 
Adenylyl cytidine............. 0.57, 0.65,0.73 0.15, 0.25, 0.69 
Guanylyl cytidine............. 0.74 0.23, 0.37, 0.72 
Cytidylyl adenosine............ 0.47, 0.67,0.85 0.12, 0.37, 0.73 

* In the system n-butanol-urea (10) an HCl hydrolysate of the sample gave two 


spots of R, 0.24 and 0.38. The R», values of cytosine and uracil were 0.24 and 0.38 


respectively. 


included in these fractions. The yield of the a isomer was 8.6 mg. and of 


the b isomer 4.3 mg. 
Calculated. P 9.9 
Found. 9.9 isomer) 
“93 (b 


The dinucleotides were easily distinguished from the mononucleotides, 
but not from each other, on paper chromatograms (Tables I and III). . 
Uridylic acid-cytidylic acid dinucleotide was isolated from two separate 
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acid-treated nucleic acid preparations, but was not found in the run repre- 
sented by Fig. 3. It would be expected in Fraction O, since it emerged 
just ahead of the guanylic-cytidylic fraction in previous runs. On a2 X 
11 cm. column, 1900 ml. of 0.007 n HCl were required to reach the peak 
and when rerun on a formate column, 1700 ml. of 0.50 m formic acid were 
needed. Chromatography, with a single solvent, and ultraviolet absorp- 
tion added more evidence for the homogeneity of the fraction. From 1 
gm. of yeast nucleic acid, 14 mg., or 7.5 per cent of the total activity of the 
digest, were obtained. From this, 2.8 mg. of solid were recovered by crys- 
tallization from an alcoholic solution. 
Calculated. N 11.13, P 9.9, N:P 1.13 
Found. 


Adenylic acid-diguanylic acid trinucleotide was partially purified by 
chromatographing Fraction R (Fig. 3) on a 1 X 27 cm. column. The peak 
emerged after elution with 1000 ml. of 0.010 x HCl, followed by 350 ml. 
of 0.015 n HCl. Recycling through a small column, followed by the di- 
methylamine procedure, resulted in the isolation of a 50 mg. sample. 


CaoHssO2.Ni5P3. Calculated, P 9.0; found, P 8.7 


The paper chromatograms (Table I) showed this to consist of one prin- 
cipal component and a small amount of two other substances. 

Fraction N (Fig. 3) yielded on alkaline hydrolysis only adenylic and gua- 
nylic acids, but was a mixture of three or more components. It has not 
yet been subjected to further purification procedures. 

Evidence for Structure of 5’-(b (or a)-Guanylyl)-cytidylic Acid b—Alkaline 
hydrolysis was accomplished by treating a 3 mg. sample with 0.5 ml. of 0.5 
N NaOH at 30° for 18 hours. This is adequate to cleave the dinucleotide 
completely to its component mononucleotides without degradation beyond 
that stage (11). From the Ry, values given in Table III, it may be seen 
that guanylic acids a and b and cytidylic acid were the only products of 
the reaction present in detectable amounts. The mononucleotides were 
quantitatively separated and determined on ion exchange columns (7, 8). 
Cytidylic acid b was added to the hydrolysate in order to distinguish with 
certainty between the a and b isomers derived from the dinucleotide. The 
recovery of guanylic acids a + b was 101 per cent and of cytidylic acid b 
101 per cent, based on a dinucleotide of guanylic acid and cytidylic acid. 
According to the mechanism of alkaline hydrolysis proposed by Brown and 
Todd (12), the guanylic acid, whether present in the dinucleotide as the 
a or the b form, would have given rise to a mixture of both isomers by way 
of a cyclic anhydride intermediate, whereas the terminal phosphate of the 
cytidylic acid should not have been isomerized under these conditions (13). 
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The position of the terminal phosphate as b is thus established, but the 
linkage of the diesterified phosphoric acid to guanosine is uncertain to the 
extent that it may be either a or b (2’ or 3’). 

The presence of 5’-phosphate in the dinucleotides was revealed by deg- 
radation with alkaline phosphatase (14). The reaction was carried out at 
pH 8.8 in 2.5 ml. of a solution 0.00213 m in Na:HAsQ,, 0.025 m in NaHCO, 
buffer, and containing 5 mg. of dinucleotide and 0.5 mg. of phosphatase 
(Armour) (15). After incubation for 10 hours at 37°, the reaction mixture 
was put directly on a 1 X 5 cm. column and the following products isolated: 
1.08 mg. of guanosine, 0.22 mg. of cytidine, 0.30 mg. of cytidylie acid b, 
0.50 mg. of cytidine-5’-phosphate, and 1.2 mg. of starting material. The 
cytidine-5’-phosphate was identified by its position on the column, by paper 
chromatograms, by its absorption spectrum, and by its sensitivity to Hep- 
pel’s 5’-phosphatase.? The R, values of cytidine-5’-phosphate and cyti- 
dylic acid b were 0.43 and 0.51 respectively in ¢-butanol-HCl and 0.73 and 
0.69 respectively in ammonium sulfate-isopropanol. The 5’ isomer had a 
Deso.280 Tratio of 2.09 as compared with 1.96 and 1.86 for the b and a iso- 
mers respectively (8). The 5’-cytidylic acid from guanylyl cytidylic acid 
yielded approximately | mole of orthophosphate (16) on treatment with 
5'-phosphatase (17), and the rate of hydrolysis compared with muscle ade- 
nosine-5’-phosphate was of the order reported by Heppel and Hilmoe for 
an authentic sample (Table IV). Since the diesterified 5’-phosphate was 
not reactive under these conditions and the intact dinucleotide had no re- 
active monoesterified 5’-phosphate, the 5’-cytidylic acid must have arisen 
from the diesterase action of the alkaline phosphatase. 

From the work of Schmidt et al. (18) and Cavalieri et al. (19) the struc- 
tural requirement for a ribonuclease substrate appears to be a pyrimidine-3’ 
(or 2’)-nucleotide diesterified with either a purine or a pyrimidine nucleo- 
side. Since 5’-(b (or a)-guanylyl)-cytidylic acid does not meet this require- 
ment, it would not be expected to be cleaved by ribonuclease and, in fact, 
it was not. The microbiological activity remained unchanged and no mono- 
nucleotides were produced when | mg. was incubated with | mg. of crys- 
talline ribonuclease‘ in 0.5 ml. of water at pH 7 for 18 hours at 37°. 

A determination of the ratio of monoesterified phosphate to total phos- 
phorus showed that the compound was a dinucleotide rather than a mul- 
tiple of this. By the procedure described by Schmidt ef al. (18), a 2 mg. 
sample of guanylyl cytidylic acid was dephosphorylated by a preparation 

*We wish to express our gratitude to Dr. Heppel for a generous sample of his 
purified 5’-phosphatase. 

* Crystalline ribonuclease was kindly supplied by Dr. M. Kunitz. 

*A tetranucleotide containing a triesterified phosphoric acid would not be ex- 
cluded by these data, but is unlikely because of the behavior of the dephosphorylated 
product on alkaline hydrolysis. 
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of prostatic acid phosphatase. The dinucleotide lost about half of its total 
phosphorus after 18 hours and underwent no further change in 26 hours 
(Table V). The rate of dephosphorylation of this and other dinucleotides 
was much slower than for the mononucleotides. The acid phosphatase of 
Schmidt et al. has been shown (18) to be free of diesterase activity on ribo- 


IV 
Determination of &'-Phosphate with Purified &'-Nucleotidase 
Compound activity® 
mis. | mi. | min. | 12° mia. 
wails 
per wi. 
16 38 108 | 122 637 
Cytidine-5’-phosphate, Sample At. 69 | 108 96 1780 
Cytidine-5’ -phosphate, Sample Bt .....| 30) 84) 116 1250 
Cytidine-3’-phosphate. ...... <0.5| <25 
Adenylyl cytidylic acid........................... | <0.5|) <25 
Guanylyl cytidylic acid............ | | | <0.5| <25 
Cytidylyl cytidylic acid <0.5| <25 
Cytidylyl cytidylic | <0.5| <2 
Adenylyl eytidylic acid, NaOH hydrolysis | | <2 
Guanylyl cytidylic acid, NaOH hydrolysis. | <0.5|) <25 


* Enzyme activity was calculated according to Heppel and Hilmoe (17). The 
values given by Dr. Heppel for this enzyme preparation on authentic samples of 
adenosine-5’-phosphate and cytidine-5'-phosphate were 760 and 1700 units per ml., 
respectively. ‘ 

t Derived from adenylyl cytidylic acid and guanyly] cytidylic acid, respectively. 


nuclease-treated nucleic acids and on model compounds. It has now been 
shown to have no diesterase activity on several dinucleotides as well. 
5’-(b (or a)-Guanylyl)-cytidine, the product of acid phosphatase treat- 
ment of guanylyl cytidylic acid, was isolated by placing the enzymatic 
digest on a 1 X 4.5 cm. column and eluting with 0.001 n HCl. The com- 
pound, which moved much more rapidly than the parent dinucleotide, 
emerged with a peak at 57 ml. after the eluate had reached pH 3.0. The 
yield was 0.81 mg. as determined by ultraviolet absorption. It had Ry 
values of 0.64 and 0.15 in Na;HPO,-isoamy! alcohol and (NH,)S80,-iso- 
propyl alcohol, respectively, as compared with 0.79 and 0.21 for the dinu- 
cleotide in these solvents. Complete hydrolysis liberated 0.99 mole of 


* We are indebted to Dr. Gerhard Schmidt for the sample of human prostate acid 
phosphatase. 
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phosphate. Alkaline hydrolysis of guanosine-cytidine phosphate gave, as 
expected, guanylic acids a and b and cytidine, confirming the belief that 
the terminal phosphate of the dinucleotide was on the cytidylic acid residue. 
Structure of 5'-(b (or a)-Adenylyl)-cytidylic Acid—After alkaline hydrol- 
ysis this fraction gave adenylic acids a and b and cytidylic acids a and 6 on 
an ion exchange column, indicating that the original sample was a mixture 
of 5’-(b (or a)-adenylyl)-cytidylic acid @ and 5’-(b (or a)-adenylyl)-cyti- 
dylic acid b. The two isomers have not yet been separated. The recovery 
was 97 per cent for adenylic acids a + b and 95 per cent for cytidylic acids 
a+b. Of the cytidylic acids, 47 per cent was the a isomer and 53 per cent 
the b isomer. Known cytidylic acid b was again used as a marker. After 


Tasiz V 
Dephosphorylation of Dinucleotides by Prostate Acid Phosphatase 
| Phosphorus liberated, per cent total P 

Compound 
| | 180 | 300 1080 | 1990 
min.| min. min. ‘min. / min.) min.| mia. | min. 
Cytidylie acid 102 | 102 | 102 
Adenylic acida ..... 73 | 89 92) 92 107 
Adenylyl cytidylie acid... 42, 3| 
Guanylyl cytidylic acid.................) | | 12/19 31) 44 | 44 
Cytidylyl cytidylie acida | 28 52 
Cytidylyl eytidylie acid 15 Al 53 
Oytidylyl adenylie acid.................| | 12] 34 58 
Adenylic-diguanylic trinucleotide........ | 13 21, 


treatment of 4 mg. of the dinucleotide with alkaline phosphatase (arsenate 
inhibited), 0.9 mg. of inosine, 0.4 mg. of cytidine, and 0.55 mg. of cytidine- 
5’-phosphate were obtained. These were identified as before. The inosine 
presumably arose from deamination by adenosine deaminase in the crude 
intestinal enzyme preparation. Ribonuclease and 5’-phosphatase were 
without effect on this dinucleotide, while acid phosphatase released 50 per 
cent of the total phosphorus. After this reaction 0.69 mg. of 5’-(b (or a)- 
adenylyl)-cytidine was isolated. It also moved much faster on the column 
and slower on paper than did the parent dinucleotide (Table I). This 
compound contained 0.98 mole of phosphate and on alkaline hydrolysis it 
gave only adenylic acids a and b and cytidine. 

Structure of 5’-(b (or a)-Cytidylyl)-adenylic Acid b—From an alkaline hy- 
drolysate only adenylic acid b and cytidylic acid were detectable on paper, 
and from absorption data on extracts of the paper chromatograms adenylic 
acid b and cytidylic acid were present in a ratio of 0.99:1. The sample 
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meets the presumed requirements for a ribonuclease substrate and was 
found to be split by this enzyme. Adenylic acid b and cytidylic acid were 
the only products of reaction. Acid phosphatase liberated one-half of the 
total phosphorus and alkaline hydrolysis of this reaction mixture gave only 
cytidylic acid, adenosine, and a small amount of inosine. These are the 
products to be expected from 5’-(b (or a)-cytidylyl)-adenosine, while alter- 
native structures would have given rise to cytidine and adenylic acid as 
well. These data show this sample to be isomeric with the previously de- 
scribed 5’-(b (or a)-adenylyl)-cytidylic acids. 

Structures of 5'-(b (or a)-Cytidylyl)-cytidylic Acid a and 5’-(b (or a)-Cyti- 
dylyl)-cytidylic Acid b—From paper chromatograms of alkaline hydroly- 
sates and absorption data these samples were found to contain only 
cytidylic acid. The possibility that one was a trinucleotide (or higher 
nucleotide) of cytidylic acid was eliminated by the fact that 52 and 53 per 
cent, respectively, of the total phosphorus of the a and 6 isomers was lib- 
erated by acid phosphatase (Table V). The a isomer was dephosphoryl- 
ated at a markedly slower rate. 5’-Phosphatase liberated no inorganic 
phosphate from either substance, but alkaline phosphatase produced ap- 
proximately equal amounts of 5’-cytidylic acid and cytidylic acids a + b. 
Ribonuclease completely inactivated both compounds, with the formation 
of only cytidylic acid. 

Structure of Uridylic Acid-Cytidylic Acid Dinucleotide—Ion exchange sep- 
aration of an alkaline hydrolysate gave cytidylic and uridylic acids in a 
ratio of 1.01:1, and a 24 hour hydrolysate with 6 ns HCl showed only cyto- 
sine and uracil on a butanol-urea (10) paper chromatogram. Microbiologi- 
cal assay of this acid hydrolysate with L. helveticus 335 gave 1.02 moles of 
uracil per mole of dinucleotide, the cytosine being inactive for this organ- 
ism. Ribonuclease cleaved the dinucleotide with complete loss of activity. 
Since from an alkaline hydrolysate uridylic acids a and b were separated 
on a formate column (8), it is probable that cytidylic acid was the terminal 
nucleotide. However, assignment of the complete structure must await 
the results of alkaline and acid phosphatases on this compound. 

Structure of Adenylic Acid-Diguanylic Acid Trinucleotide—Since the frac- 
tion was not entirely homogeneous, the conclusion that this is a trinucleo- 
tide is only tentative. However, alkaline hydrolysates showed only ade- 
nylic and guanylic acids on paper chromatograms, and, in a ratio of nearly 
1:2, acid phosphatase liberated 34 per cent of the total phosphate, and the 
absorption spectrum corresponded well with this composition. 

Microbiological Activity of Dinucleotides—In Table VI the activities to- 
ward L. helveticus 335 of the dinucleotides and other nucleic acid deriva- 
tives are compared with uracil. Of the pyrimidines, purines, nucleosides, 
and mononucleotides tested, only uracil was active (1). These included 


ac 
al 
ar 


i 
— 
’ 


as 
re 
he 
ly 
he 
as 
y- 
ly 
er 
er 
b- 
ic 
p- 
b. 
m 


FT ATT & 


Tt 


T 


R. B. MERRIFIELD AND D. W. WOOLLEY 533 
the nucleoside 5’-phosphates of uracil, cytosine, and adenine. In addition 
desoxyribonucleic acid, acid-treated desoxyribonucleic acid, desoxyribo- 

Tasie VI 
Relative Activities of Some Nucleic Acid Derivatives for L. helveticus 336° 


per cent 
1 Uracil 100 
2 Cytosine <0.2 
3 Uridine <0.5 
4 Cytidine 0.1 
5 Uridylic acid b 2.2 
6 Uridylic acid a + b 2.4 
7 Uridine-5’ -phosphatet <0.1 
Cytidylic acid b 2.2 
9 Cytidylic acid a + b 2.0 
10 Cytidine-5’- 4.9 
ll Uridylic acid b + cytidylie acid b 2.8 
12 Adenosine-5’ - phosphate <0.3 
13 Orotic acid 0.9 
14 5’-(b (or a)-Guanylyl)-cytidylic acid b 107 
15 5’-(b (or a)-Adenylyl)-cytidyliec acid a + b 100 
16 Uridylic acid-cytidylic acid dinucleotide 95 
17 5’-(b (or a)-Cytidylyl)-cytidylic acid a 217 
18 5’-(b (or a)-Cytidylyl)-cytidylic acid b 261 
19 5’-(b (or a)-Cytidylyl)-adenylic acid b 6 
20 Adenylic acid-diguanylic acid trinucleotide 9 
21 Adenylic acid-guanylic acid oligonucleotide, Fraction N 5% 
22 5’-(b (or a)-Guanylyl)-cytidine 263 
2B 5’-(b (or a)-Adenylyl)-cytidine 150 


* The following compounds had no appreciable activity : desoxyribonucleic acid, 
acid-treated desoxyribonucleic acid, desoxyribosides of adenine, guanine, thymine, 
and cytidine, vitamin B,:, cozymase, adenylic acid a + 6b, guanylic acid a + b, 
adenosine, and guanosine. Adenine, guanine, xanthine, hypoxanthine, thymine, 
and folic acid werépresent in the medium. 

t This sample was very kindly sent to us by Dr. Waldo E. Cohn. 

t This is the approximate activity per mole of purine. 


sides, vitamin B,:, cozymase, and two samples of oligonucleotides contain- 
ing only purines were without appreciable activity. 

All the compounds containing cytidylic acid esterified at its 5’ position 
with another nucleotide (Compounds 14 to 18, Table VI) were active. 
Those containing only 1 mole of cytidylic acid were very nearly 100 mole 
per cent active, while the two dicytidylic compounds were over twice as 
active per mole of dinucleotide. This may be due to an ability to utilize 


both cytidylic acid residues, or simply to a more efficient use of the 3’- 
linked residue. The latter is supported by the observation that the de- 
phosphorylated products of adenylyl cytidylic acid and guanylyl] cytidylie 
acid were much more active (263 and 150 per cent) than the parent dinucle- 
otides and roughly of the order of the dicytidylic compounds, even though 
they contained only one cytidylic acid residue. Other evidence for believ- 
ing that the 3’-linked cytidylic acid was not utilized is derived from activ- 
ity measurements on the two adenylic-cytidylic dinucleotides. Adenyly| 
cytidylic acid, containing 5’-linked cytidylic acid, was active, whereas cy- 
tidylyl adenylic acid containing a 3’ (or 2’)-linked cytidylic acid residue 
was inactive. 

The largest unit common to all of these active compounds is cytidine- 
5’-phosphate diesterified at the 3’ (or 2’) position of another nucleoside, 
either purine or pyrimidine. Since only one uridylic acid-containing di- 
nucleotide has been studied, it is not possible to decide whether uridine 
can replace cytidine in this unit. 

DISCUSSION 


Since Gulland and Jackson (20) first presented evidence for the existence 
in yeast ribonucleic acid of 5’-phosphate linkages, considerable work has 
accumulated to the effect that a portion of the internucleotide bonds of 
nucleic acids is other than 2’-3’ phosphate diesters. By exhaustive treat- 
ment of yeast ribonucleic acid with ribonuclease followed by acid phospha- 
tase, Schmidt ef al. (18) and Cavalieri et al. (19) have obtained preparations 
which, by periodate titration, have an appreciable portion of their nucleo- 
side residues unsubstituted at positions 2’ and 3’, but which are, never- 
theless, still combined in phosphate linkage with the polynucleotide chain. 
Such linkages could be to the 5’ carbon of ribose or conceivably to certain 
positions of the pyrimidine rings. Markham and Smith (3) showed good, 
although indirect, evidence that one of the mononucleotides of their iso- 
lated dinucleotides was linked through a phosphate bond not at 2’ or 3’, 
but presumably at 5’, since these positions were free for cyclic phosphoric 
anhydride formation. Cohn and Volkin’s (14) isolation of nucleoside-5’- 
phosphates clearly established their presence in enzymatic digests of ribo- 
nucleic acid from calf liver. They presented excellent evidence that, if 
isomerization occurred at all during the digestion, it must have occurred 
at the polynucleotide level. The present work has shown that nucleoside- 
5’-phosphate can be isolated from purified dinucleotides of yeast ribo- 
nucleic acid. It is present in a 3’-(or 2’)-5’-phosphate diester linkage. 
Isomerization at the dinucleotide level does not seem likely since dephos- 
phorylation of guanylyl cytidylic acid gave a product which behaved on 
alkaline hydrolysis just as expected for 3’-(or 2’)-guanosine-5’-cytidine 
phosphate and not like the 2’—3’ isomer. 
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The structures assigned to these dinucleotides are consistent with the 
views on nucleic acid structure expressed by most other workers (3, 12, 14, 
18-20), but do not seem to conform to the structure recently proposed 
by Ronwin (21). Since the “incompatibility” of the alkaline hydrolysis 
products with the existence of 5’-phosphate in ribonucleic acid has been 
clearly explained by Brown and Todd (12) on the basis of cyclic anhydride 
formation, this is no longer an objection to such 3’-(or 2’)-5’-diester struc- 
tures. The existence of dinucleotides which have two phosphosugar ester 
bonds on one nucleoside, and, more convincing, the existence of dinucleo- 
side phosphates which have two nucleosides attached to one phosphate is 
not permitted in the Ronwin structure. The possibility of rearrangement, 
which always exists, is minimized by the fact that dinucleotides have been 
derived by both ribonuclease (3) and acid cleavage, necessitating a similar 
change under the two conditions. 

The initial aim of this work was to identify the microbiologically active 
substances occurring in acid-treated yeast nucleic acid. Thus, the use of 
6 ~ HCl was not chosen for the partial hydrolysis of the nucleic acid 
preliminary to the isolation of dinucleotides, but for its ability to produce 
an active preparation. However, there are certain advantages to this 
procedure over an enzymatic method with ribonuclease. First, it appears 
to give higher vields and, more important, it leads to those dinucleotides 
which are ribonuclease-sensitive. A disadvantage is the production of two 
isomers of the terminal residue, which apparently does not occur ensymati- 
cally (2), and therefore the chromatographic separation of two closely 
related isomers is required. 

The microbiological data presented indicate that L. helveticus 335 utilizes 
uracil by a direct conversion to the dinucleotide level and by-passes com- 
pletely the mononucleoside or mononucleotide stages. This conclusion was 
reached in the following manner. Several pyrimidine-containing dinu- 
cleotides have been shown to be active in replacing the uracil requirement 
of this organism. ‘The uracil and dinucleotide requirements were of the 
same order of magnitude and therefore it is probable that the latter are 
not acting catalytically in uracil synthesis, but are ultimately performing 
the same function as uracil. This, then, suggests that uracil and the 
dinucleotides are converted to intermediates of common type at some stage 
during their utilization. However, since the pyrimidine nucleosides and 
mononucleotides would not support the growth of this organism, they can 
not be along this pathway.’ Incorporation of uracil by means of the 
known nucleoside phosphorylases (22) therefore seems improbable because 
this would lead to these inactive compounds. On the other hand, the 

* This activity cannot be explained readily by the failure of these compounds to 
penetrate the cell since the larger and similarly charged dinucleotides and dephos- 
phorylated dinucleotides were easily assimilated by the cell. 


dinucleoside phosphates (dephosphorylated dinucleotides) were, in the two 
cases studied, more active than the parent dinucleotides and may well 
represent common intermediates. Glycoside formation between free uracil 
and ribose-1-phosphate which is combined in diester linkage at C-5 with 
a nucleotide would lead directly to this dinucleoside phosphate intermedi- 
ate. The enzyme for this postulated reaction would be analogous to the 
ribonucleic acid phosphorylase of Colowick and Price (23). Since uracil 
was the only free pyrimidine which was active and all of the active di- 
nucleotides tested contained cytosine, an interconversion is necessary and 
it may occur at the dinucleoside phosphate level. 
SUMMARY 

1. Several dinucleotides have been isolated in an analytically pure state 
from acid-treated yeast ribonucleic acid. 

2. The structures of these compounds were shown to be 5’-(b (or a)- 
guanylyl)-cytidylic acid b, 5’-(b (or a)-adenylyl)-cytidylic acids a and b, 
5’-(b (or a)-cytidylyl)-adenylic acid b, 5’-(b (or a)-cytidylyl)-cytidylic acid 
a, 5’-(b (or a)-cytidylyl)-cytidylic acid b, uridylic acid-cytidylic acid di- 
nucleotide, and adenylic acid-diguanylic acid trinucleotide. 

3. The testing of these dinucleotides and their dephosphorylated deriva- 
tives for the ability to replace the uracil requirement of Lactobacillus 
helveticus 335 showed that the smallest microbiologically active unit was 
cytidine-5’-phosphate diesterified at the 3’-(or 2’) position of another nu- 
cleoside. All the active compounds contained this unit, and those which 
did not were inactive. It is not yet known whether uridine can replace 
cytidine in this unit. 

4. These findings were interpreted to mean that L. helveticus 335 utilizes 
uracil not by conversion to a nucleoside or mononucleotide, but by direct 
incorporation into a dinucleotide. 

5. The current belief concerning the substrate specificity of ribonuclease 
was confirmed by examination of the action of this enzyme on these di- 
nucleotides of known structure. 
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It is well recognized that carbon dioxide plays an important rdle in 
cellular metabolism since bacteria need a certain concentration of this 
compound in order to grow. In addition, both Serratia marcescens (1) 
and yeast (2) fix carbon dioxide at a much higher rate during periods of 
active growth. 

One interpretation of these findings is that some substance or substances 
which are essential for cell growth can be synthesized by reactions involv- 
ing free carbon dioxide (3). Aspartic acid has been shown to be one such 
compound since, in its absence, the amount of carbon dioxide fixed by 
Lactobacillus arabinosus was increased markedly and, further, most if not 
all of the fixed carbon was found in the aspartic acid of the cell hydrolysate 
(4). However, with species of greater synthetic ability, Escherichia coli 
and S. marcescens, aspartic acid and other related compounds in the tri- 
carboxylic acid cycle replaced only part of the carbon dioxide need (5) 
or fixation (1). This indicates that these organisms synthesize additional 
compounds from carbon dioxide and, if all three species utilize similar 
substances for growth, these compounds should be among those supplied 
to L. arabinosus. 

In the present investigation, when the components of the lactobacillus 
medium were tested with S. marcescens, it was found that asparagine, 
arginine, adenine, guanine, and uracil each decreased fixation by a definite 
amount and that the simultaneous addition of all five compounds de- 
creased fixation to 7 per cent of the maximum for the organism. 


Methods 


The methods were identical with those used previously (1), with the few 
changes noted below. 

In the earlier experiments the amount of growth was limited by adding 
only 50 y of nitrogen as a single nitrogen source such as ammonium chlo- 
ride, but this was impossible in the present experiments since nitrogenous 
compounds were to be tested. Therefore, excess ammonia was added 
and growth was determined turbidimetrically on an aliquot of the bac- 
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terial pellet. Since the growth was not affected by ammonia concentra- 
tion over the range used or by the presence of the other nitrogen sources 
tested, and the turbidity remained constant once the ammonia was ex- 
hausted, the time required for the assimilation of 50 y of nitrogen from the 
more complex medium was determined by comparison with controls in 
which 50 y of nitrogen had been assimilated from ammonium chloride. 
For this amount of growth with the substrate glycerol approximately 250 
c.mm. of oxygen were consumed. As this value was not significantly 
affected by any of the substances added and could be determined with 
greater accuracy than the turbidity, growth was usually determined from 
the oxygen values. 

In the vessels used to measure oxygen uptake, carbon dioxide was ab- 
sorbed by alkali. Occasionally the increase in turbidity was not equiv- 
alent in the oxygen and carbon dioxide vessels. Any such experiments 
were discarded. 

The compounds to be tested were neutralized and added with the am- 
monia, glycerol, and bicarbonate at zero time. 

Observations 

The metabolism of S. marcescens in a glycerol-ammonia medium was 
compared with that in a medium similar to the one used with L. arabinosus 
(6). In the latter medium, which contains a number of vitamins, amino 
acids, purines, and pyrimidines, the growth rate, the rate of oxygen con- 
sumption, and the rate of carbon dioxide production were almost identical 
with those in the simple medium, but the amount of carbon dioxide fixed 
for a given amount of growth was decreased markedly. The constituents 
of the medium which were found to be effective in lowering fixation were 
adenine, guanine, uracil, arginine, asparagine, and glutamic acid. 

When the critical concentration range of each compound was deter- 
mined, it was found that asparagine and glutamic acid had one-half their 
maximal effect at a concentration of 5 X 10~‘ m and that the other com- 
pounds did so at about one-tenth this concentration. In all subsequent 
experiments the amount of each substance added was adequate to insure 
a maximal effect. 

The decrease in fixation by adenine, guanine, uracil, arginine, and as- 
paragine was determined by two different methods and is shown in Table 
I. In the first method, the compound was added singly to the glycerol- 
ammonia medium and the decrease in fixation was determined; in the 
second, all the compounds except the one to be investigated were added 
to the medium and the increase in fixation due to this omission was found. 
The results of the latter type of experiment were the more accurate since 
the addition of all five substances gave a control value of 7 per cent of 
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the maximum and even the smallest increase observed was well above the 
experimental error in this system. 

The lowering of fixation by each of the five compounds used was of the 
same order of magnitude in both types of experiment. In addition, the 
sum of the replacement effects when these five compounds were added 
singly was almost equal to the decrease in fixation when all five were added 
together. The effect of each compound was therefore independent. 


TaBLe I 
Fization of Carbon Dioxide by S. marcescens in Enriched Media 


Decrease Increase on omitting 
Compound ‘compound Median A 
per cent® per cent® 
51.824 6.1f 55.1 + 7.9 
6064 15.7+ 9.8 14.1 + 1.8 
3.7 + 5.7 7.1 + 3.7 
9.1 + 12.3 5.1 + 1.6 
96.1 95.9 
Asparagine + arginine + uracil + adenine 
93.7 + 2.3 93.7 + 2.3 


Medium A, MgSO,-7H,0 (0.002 m), phosphate buffer (0.035 m, pH 7), NH,Cl 
(0.005 m), glycerol (0.03 m), NaHCO; (0.0015 m). Medium B, Medium A + aspara- 
gine (0.0045 m), arginine (0.0003 m), uracil (0.00027 m), adenine (0.00015 m), and 
guanine (0.00013 m). 

* 100 per cent = the total fixation for an increase of 50 7 of bacterial N when cells 
are suspended in Medium A. The mean value is 12.6 + 1.6 yl. of CO. 

t The values are the averages of four to six determinations; variation expressed 
as the standard deviation. 


The effect of glutamic acid, however, was not independent. When only 
glutamic acid was added fixation was decreased by 25.5 per cent (+4.0 
per cent), but when the other compounds were also present, the decrease 
in fixation was insignificant (0.3 + 2.5 per cent). It was shown in sub- 
sequent experiments that this interference was caused by asparagine. 

The maximal] decrease in fixation is attained when adenine, guanine, 
uracil, arginine, and asparagine are added simultaneously. In the pres- 
ence of these five there is no further lowering by formate, acetate, or ethyl 
acetoacetate, by Tween 80 (a source of oleic acid), by the amino acids 
alanine, histidine, leucine, isoleucine, valine, cysteine, threonine, trypto- 
phan, tyrosine, phenylalanine, lysine, and glutamic acid, by the purine 
xanthine, by the pyrimidines cytosine and thymine, or by the vitamins 
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thiamine, pyridoxine, calcium pantothenate, riboflavin, nicotinic acid, 
p-aminobenzoic acid, folic acid, choline, and inositol. 

Peptone, in which growth is much improved at limiting carbon dioxide 
tensions (5), decreased fixation by only about 40 to 50 per cent, an amount 
which could probably be accounted for by its content of arginine and as- 


II 
Effect of Arginine Precursors on Fization 
Decrease in fixation, per cent*® 
Compound added 
Experiment I Experiment II Experiment III 
16.5 13.5 13 
Ornithine................ -1 —4 —5 


Medium, Medium B without arginine. The final concentration of added com- 
pounds is 0.0003 m. 


* See foot-note, Table I. 
TaB.e III 
Effect of Pyrimidines on Fization 
Decrease in fixation, per cent* 
Compound added 
Experiment IV Experiment V | Experiment VI |Experiment VII 
21 
16 


Medium, Medium B without uracil. The final concentration of added compounds 
is 0.00027 m. 
* See foot-note, Table I. 


partic acid. In the presence of the five compounds of Table I, neither 
peptone nor brain heart infusion had any additional effect. 

The fixation in a system lacking arginine was studied in the presence of 
the probable precursors ornithine and citrulline. It is evident from the 
results quoted in Table II that citrulline replaced the fixation to the same 
extent as arginine, while ornithine did not replace it at all. 

Although the fixation in a system lacking uracil was not affected by 
exogenous cytosine or thymine, it was decreased to the control level by 
cytidine, orotic acid, or uridine, as is shown in Table III. In addition, 


D. J. MCLEAN AND E. F. PURDIE 543 


it was shown in preliminary experiments that both the uridylic acid and 
the cytidylic acid of hydrolysates of S. marcescens were labeled when the 
bacteria had fixed carbon dioxide in the absence of external uracil. 


DISCUSSION 


Almost all the carbon dioxide fixation by S. marcescens can be by-passed 
by adding asparagine, arginine, uracil, adenine, and guanine to the me- 
dium. Therefore we may postulate that the major pathways for assimi- 
lated carbon dioxide lead to these compounds (or to others which are 
related to them metabolically). As all these products of fixation are 
constituents of proteins or nucleoproteins, it is evident why bacteria need 
carbon dioxide in order to grow in an unenriched medium. Although it 
is not possible from our data to determine the number of primary fixation 
reactions which occur, the five main pathways are essentially independent, 
at least in the later stages, since the quantitative effects of each of these 
compounds are the same in the presence and in the absence of the others. 

In the case of arginine the fixation reaction has been clarified by studies 
of isolated enzyme systems and of arginine-requiring mutants. There is 
evidence that Neurospora (7) and Penicillium (8) as well as rat liver (9, 10) 
synthesize arginine from ornithine, carbon dioxide, and ammonia with 
citrulline as an intermediate. Grisolia, Burris, and Cohen (11) have 
shown with a soluble enzyme system that the guanidine carbon of citrul- 
line comes directly from the carbon dioxide of the medium. Such a mech- 
anism is probable in S. marcescens, too, since citrulline decreases fixation 
to the same extent as arginine while ornithine has no effect. 

If we assume that all the arginine is made by this fixation reaction (in 
the absence of exogenous arginine), the amount of carbon dioxide fixed 
should be equal on a molar basis to the arginine in the new protoplasm. 
No figures on the arginine content of S. marcescens are available but four 
related microorganisms contain between 6 and 13 X 10-* micromole per 
50 y of bacterial nitrogen (see Table IV). Since the amount of fixation 
spared by arginine when 50 y of bacterial nitrogen are laid down is 7.9 X 
10 micromole, it is reasonable to assume that the sole function of this 
particular fixation reaction is to synthesize all of the arginine needed during 
growth. 

The reaction by which carbon dioxide is fixed into pyrimidines has not 
been worked out in detail but it has been shown that radioactive carbon 
dioxide administered to rats is incorporated into uracil in the 2 position (12) 
or the 2 and 4 positions (13). Since cytidine or orotic acid can replace 
uracil completely and since the cellular cytidylic and uridylic acids are 
both labeled in the absence of any external pyrimidine, it is probable that 
carbon from carbon dioxide is fixed into all the pyrimidines by one re- 
action. The few absolute values for uracil and total pyrimidine content 
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reported in the literature are given in Table IV. The carbon dioxide 
spared by uracil is of the same order of magnitude as the total pyrimidine 
content. 

The CO, sparing action of adenine for Streptococcus haemolyticus in a 
complex medium was recognized as early as 1940 (14) but carbon dioxide 
fixation into a purine, uric acid, was not established until 1948 (15). Since 
then, the incorporation of carbon dioxide into tissue purines has been 


TaBLe IV 
Survey of Composition of Several Bacteria and Yeast 
Compound Organism x per Bibliographic 
Arginine E. coli 9.4 (19) 
8.9-10.4 (20) 
7.5- 9.1 (21) 
9.7-10.3 (22) 
B. subtilis 6.85 (19) 
L. arabinosus 5.95 (23) 
Yeast 7.7 (19) 
S. marcescens 7.9* 
Uracil E. coli 2.2 (24, 19) 
Pyrimidines er 7.9 (24, 19) 
S. marcescens 8.2* 
Adenine E. coli 4.3 (24, 19) 
S. marcescens 4.0* 
Guanine E. coli 6.6 (24, 19) 
S. marcescens 2.9* 
Adenine + guanine Yeast 5.1 (25) 
S. marcescens 6.9* 


* Calculated from the carbon dioxide fixation replacement data of the present 
paper. 


noted several times (12, 16, 17). Adenine and guanine can substitute for 
each other only under certain conditions (18) and do not appear to do so 
in our experiments, although partial replacement within our experimental 
error may occur. While the number of observations on the adenine and 
guanine content of bacteria is limited (Table IV), the amounts in the cell 
correspond fairly well with the carbon dioxide fixed in the absence of an 
external source of these purines. 


The fixation of carbon dioxide by growing Serratia marcescens was re- 
duced to 6.5 per cent of the maximum in a glycerol-ammonia medium by 


SUMMARY 
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the simultaneous addition of asparagine, arginine, uracil, adenine, and 
guanine at optimal concentration. Each replaced a definite proportion 
of the total carbon dioxide fixation and was equally effective alone and in 
the presence of the other compounds. 

Glutamic acid partially replaced asparagine. 

Citrulline, but not ornithine, could be substituted for arginine. This 
is in accord with the current theory of arginine synthesis by means of a 
fixation reaction. 

Uracil could be replaced by uridine, cytidine, or orotic acid, but not by 
thymine or cytosine. 

The amount by which carbon dioxide fixation is decreased by arginine, 
uracil, adenine, and guanine is approximately equivalent on a molar basis 
to the amount of arginine, pyrimidines, adenine, and guanine synthesized 
by the bacteria. 
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INFLUENCE OF POTASSIUM AND OTHER ALKALI CATIONS ON 
RESPIRATION OF MITOCHON DRIA* 
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The results of several studies have indicated that mitochondrial prepara- 
tions from animal tissues require added Mg** for both respiration and 
phosphorylation (1,2). Other divalent ions such as Ca** are not required 
and can even exert detrimental effects. The requirements for the specific 
monovalent cations, however, have not been determined with the same 
degree of certainty. 

In the course of investigating the effects of K* on phosphorylations, 
Boyer et al. (3) found that added K* is required to demonstrate esterifica- 
tion of inorganic phosphate accompanying oxidation of pyruvate by minced 
muscle. This led Potter (2) to include K* in systems used in his early 
studies on oxidative phosphorylation, despite his finding that K* did not 
exert a beneficial effect on the succinoxidase system. Potter (4) found Kt 
to increase the respiratory rate of a fatty acid oxidase system in a water 
homogenate of liver, but Lehninger and Kennedy (5), using a saline homog- 
enate, found only a non-specific salt requirement satisfied by either NaCl 
or KCl. 

It is often difficult to differentiate the specific effects of ions and those 
non-specific effects resulting from their contribution to the tonicity of the 
medium, particularly when both phenomena coexist (6). Recent studies, 
notably by de Duve et al. (7) and Potter and Recknagel (8), have estab- 
lished that such complex relationships do operate in mitochondrial systems. 
A sufficient awareness of these factors has thus been achieved to permit a 
reexamination of the precise effects of alkali cations on the properties of 
mitochondria under conditions more valid than those employed heretofore. 

The work reported here shows that K+ does exert a specific effect in 
maintaining optimal respiration of rat liver mitochondrial preparations, 
especially in the presence of microsomes. The ability of microsomes to 
accentuate the requirement for K+ is also possessed by an acetone extract 
of this cell fraction. 

* Supported in part by grants from the United States Public Health Service and 


the Research Committee of the Graduate School from funds supplied by the Wis- 
consin Alumni Research Foundation. 
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Methods 

Mitochondria—lInitial investigations were conducted on rat liver mito- 
chondria prepared by the second abridged procedure of Kennedy and Lehn- 
inger (9). After removal of the nuclei by sedimentation at 600 xX g, 0.1 
volume of 0.15 mu NaCl was added to promote aggregation and the mito- 
chondrial fraction was sedimented at 3000 x< g for 10 minutes. The mito- 
chondrial preparation was washed once with sucrose and finally resus- 
pended in sucrose. This preparation will be referred to as Mw (salt).' 
Later studies were carried out with mitochondria prepared in 0.25 m sucrose 
according to Schneider (11). This preparation is represented by conven- 
tion as Mws3. 

Microsomes—The microsomal fraction was prepared according to Schnei- 
der (11). Preliminary experiments were performed with freshly prepared 
microsomes; once the stability of the active principle was known, prepara- 
tions were frozen for storage and thawed just before use. Acetone ex- 
tracts of this fraction were prepared by extracting the microsomes several 
times with acetone, adding the extracts to water, and concentrating the 
resulting emulsion in vacuo. ‘To insure complete removal of the acetone, 
water was added and the emulsion reconcentrated. The final preparation 
will be referred to by the designation Ap. 

Nuclei—aA purified nuclear fraction was obtained in the following man- 
ner. The crude nuclear fraction was washed once with sucrose to remove 
the bulk of adhering mitochondria, a resedimentation force of 600 X g for 
10 minutes being used. The residue was suspended in a few volumes of 
sucrose and then filtered twice through double layers of cheese-cloth. Fol- 
lowing two cycles of rehomogenizing and resedimenting from sucrose at 
200 X< g for 10 minutes, the preparation appeared grossly homogeneous. 
Microscopic examination revealed it to consist predominantly of intact 
nuclei, although a small amount of débris was present. The final suspen- 
sion in sucrose contained about 1 mg. of N per ml. 

Other Reagents—Adenosinetriphosphate (ATP) of exceptionally high pu- 
rity was obtained from the Pabst Laboratories. The a-ketoglutaric acid 
was a commercial product recrystallized once from benzene and acetone. 

Estimations—Oxygen consumption was measured by the conventional 
Warburg technique. All the flasks contained 10-* m cytochrome c, 0.0017 
m ATP, 0.005 m MgCl, 0.2 ml. of 30 per cent NaOH in the center well, 
and air as the gas phase. Unless otherwise indicated, flasks also contained 
0.0133 m phosphate buffer, pH 7.4. Additional components and the tem- 
peratures employed are listed separately with each experiment. Inorganic 
phosphorus was determined by the method of Lowry and Lopez (12) with 

! Particulate fractions will be referred to in accordance with the convention of 
Hogeboom et al. (10). 
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perchloric acid filtrates kept at 0° until assayed. Nitrogen analyses were 


and McMeekin. 


Results 
Initially it was established that detectable differences could be produced 
between systems devoid of added Na* and those lacking K+. The results 


shown in Table I indicate that the all-K+ systems respired at demonstrably 
greater rates than the all-Na* systems. The differences increased with 


I 
Respiration of Mitochondria in All Na* and All K* Systems 
Substrate Alkali cation tt 
ist hr. 2nd hr. 
Na* 227 164 
K* 264 213 
Pyruvate + 0.00033 m succinate Nat 129 59 
Kt 207 89 
Kt 254 212 
a-Ketoglutarate................ Nat 141 82 
Kt 198 158 
Kt 205 163 
t-Glutamate................... Nat 152 76 
Kt 182 156 
K* 182 148 


All the flasks contained 0.0033 m substrate, Mw (salt) equivalent to 1 mg. of N, 
0.1 m alkali chloride added; temperature 37°. 


time and were similar for the several substrates tested. Subsequently a- 
ketoglutarate was routinely used as substrate since its neutralized solution 
introduced less alkali cation per combustible equivalent than did any of the 
other Krebs’ cycle intermediates. 

Effect of Varying Levels of K+—Two series of experiments were run, one 
in which ionic strength was held constant by progressively replacing Nat 
with K+ (Fig. 1, A) and another in which the concentration of Na+ was 
removed as a variable by replacing sucrose with KCl (Fig. 1, B). In both 
series enhancement of respiration increased with the K+ concentration until 
& maximum effect was attained at about 0.025 m added K*. Inhibition 
by higher levels of K+ occurred in the sucrose replacement series, particu- 
larly during the 2nd hour. This can be attributed to a non-specific effect 
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of altering the ionic strength since in the NaCl replacement series (Fig. 1, 
A), in which the ionic strength was constant, this effect was not man- 
ifested. 

Effect of Varying Levels of Na+—From Fig. 1, C, it is apparent that in- 
creases in Na* concentration, too small to bring about an appreciable al- 
teration of ionic strength, were without effect on respiration, while at higher 
levels Na* inhibited in a manner similar to but more striking than that 
exhibited by K+ (Fig. 1, B). Small amounts of Na* appeared to be inert 
and thenceforth, in all systems, the anions of all reagents were neutralized 


400 T T T T 
_ Replacement of | Replacement of | Replacement of _ 
by KCI Sucrose by KCl | Sucrose by 


300r- 


-Log[k] -Log [k] -Log 

Fic. 1. Effect of isotonic NaCl, KCl, and sucrose on the oxidation of a-ketoglu- 
tarate. All the flasks contained 0.0033 m a-ketoglutarate plus 2.4 ml. of 0.25 
m sucrose, 0.15 « NaCl or KCl or appropriate combinations thereof, to give the final 
ionic concentrations as indicated. The quantity of Mw (salt) varied from 0.7 to 
1.4 mg. of N per flask in the three experiments; temperature 37°. 


with Na*. Since higher levels of electrolytes inhibited respiration while 
isotonic sucrose did not, the latter was used to bring flask contents to vol- 
ume in subsequent experiments. | 

Effects of Other Alkali Cations—The effects of Lit, Rb+, and Cs* (Fig. 2) 
were studied to compare their properties with those of K+ and Nat. Li* 
was found to be similar to Na* in failing to support respiration as well as 
K+ did, although it consistently gave an initial stimulatory effect not mani- 
fested by Na+. Rb* appeared virtually identical with K* in effects at all 
concentrations studied. At lower levels, Cs+ enhanced respiration as well 
as an equivalent quantity of K+, but at higher levels it could not raise the 
respiratory rate to the same degree as the optimal concentration of K* 
(i.e. 0.025 
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Phosphorylation—Since at least one specific ionship between oxida- 
tive phosphorylation and K* had already been documented (3), the possi- 
bility of the effects of K+ on mitochondrial respiration being reflections of 
effects on oxidative phosphorylation (13) was next investigated. Correla- 
tions between the respiratory rate and the quantity of esterified phosphate 
were obtained by the device of mounting beside each Warburg vessel an 
ordinary 25 ml. Erlenmeyer flask, the contents of which duplicated those 
of the vessel itself. At intervals manometer readings were made and sam- 
ples for analysis withdrawn from the open flasks. Runs were made both 
with and without added fluoride (Fig. 3). ATP at levels equivalent to as 
low as one-third the quantity initially added is sufficient to maintain vir- 


| 
—— ‘ 

Hours 

Fic. 2. Effects of rubidium, cesium, and lithium on the oxidation of a-ketoglu- 
tarate. All the flasks contain Mw (salt) equivalent to 0.7 to 1.4 mg. of N, 0.0033 u 
a-ketoglutarate, 0.16 « sucrose plus 0.5 ml. of isotonic NaCl, KCl, RbCl, CsCl, LiCl, 
or sucrose as indicated ; temperature 37°. 
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levels of esterified phosphate in themselves could be the cause of any con- 
current decrease in respiratory rate. This point is illustrated best by those 
systems containing fluoride to suppress the enzymatic breakdown of ATP. 
The levels of esterified phosphate remained identical in the Na*+ and K+ 
systems for more than 4 hours; nevertheless respiration still showed re- 
sponses to added K+. Failure of a K+*-requiring phosphorylation, with 
consequent lack of maintenance of ATP levels, is thus probably not respon- 
sible for the observed respiratory responses. The possibility remains, how- 
ever, that a K*+-sensitive phosphorylation could be involved in the forma- 
tion of a phosphate ester essential to the Krebs cycle (e.g. a coenzyme) but 
constituting only an unmeasurable fraction of the total esterified phosphate. 
Effect of Combining Particulate Components—To test the possibility that 
variable degrees of contamination of mitochondria by other particulate cell 
components were contributing to variations in the K+ response from run 


to run, the separation procedure of Schneider (11) was utilized. Adding 


Experiment A || Experiment B |! Experiment C 
2501 016 M M M Na” 
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Fic. 3. Correlation of organic phosphate level and mitochondrial respiration. 
All the flasks contain Mw (salt) equivalent to 1.0 mg. of N per flask, 0.0033 m a-keto- 
glutarate, 0.16 m sucrose, 0.025 « NaCl or KCl as indicated. In Experiment B, 
0.01 u fluoride was present; temperature 30°. 
small quantities of nuclei enhanced neither respiration nor the sensitivity 
of the Mw; fraction to K+ (Table II, Experiment A). It has been shown 
that recombination of nuclei and mitochondria in physiological ratios en- 
hances the respiratory rate of the latter (14, 15). Failure to obtain such vm 
in 
Tasie II se 
Effect of Addition of Nuclei and Microsomes on Mitochondrial Respiration te 
Respiration Per cent 
Fraction added fi 
0.025 u (s 
Ist |2nd | 1st | 2nd) 3rd 
weal br. | he. | he th 
Experiment A, Mws, 1 None KCl 120/113) 89 
mg. N per flask Nuclei, 0.1 mg. N « 11181115! 90 d 
None NaCl /|110/100) 84) 9 | 13) 6 el 
Nuclei aa 114/102) 84) 4 | 13) 7 st 
Experiment B, None 77 tt 
mg. N per flask KCl {114/115 90) 4 |—1) 16 
Pw, 1.3 mg. N per flask | NaCl /|165)103 
KCl /165/130/126| 0 26 49 
re 
All the flasks contained 0.0033 m a-ketoglutarate; 0.0066 m phosphate; 0.25 m n 
sucrose to make the combined volume of isotonic salt and sucrose 2.4 ml.; tempera- E 
ture 30°. . 
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an effect in the above experiment may have been due to the small propor- 
tion of nuclei in the combination tested and to having washed out appre- 
ciable quantities of phosphatases from the nuclei. It is evident that small 
quantities of nuclear contamination were not capable of accounting for the 
variations of response to K+ in different experiments. 

Addition of microsomes to Mw; raised the respiratory rate as expected 
(14) and produced the first successful enhancement of the K* response 
(Table II, Experiment B). Since microsomes can be coagglutinated with 
mitochondria in the presence of electrolytes (16), it appeared that this 
might account for differences in properties observed in this study between 
the Mw (salt) and Mw; preparations. This was verified by adding part of 
the Mw; preparation to the microsome-containing extract from which it had 


Fic. 4. Reconstitution of Mw (salt) from Mw;. All the flasks contained 0.0033 u 
a-ketoglutarate, 0.16 m sucrose, plus 0.025 m NaCl or KCl as indicated. The series 
indicated by @ contained Mw; equivalent to 1.5 mg. of N per flask; the series repre- 
sented by O contained reconstituted Mw (salt) equivalent to 1.9 mg. of N per flask; 
temperature 30°. 


been sedimented (S, fraction), adding 0.1 volume of saline, and by centri- 
fuging at 3000 x g for 10 minutes. This in effect reconstructed the Mw 
(salt) preparation and did in fact produce an enhanced K+ response over 
that exhibited by the Mw; preparation (Fig. 4). 

Further Studies on Microsomal Effect—The enhancement of mitochon- 
drial respiratory rate by microsomes (14) is presumed to be exerted through 
enzymes associated with phosphatase activity (15). The basis for such 
stimulation has been discussed elsewhere (17, 18). Since relatively mild 
treatments are detrimental enough to the structure of mitochondria to 
affect their phosphatase activity (7, 8, 19), the effects of such treatments 
on microsomes were studied. Changing tonicities (taking up in water, then 
resuspending in sucrose), storage, and repeated freezing and thawing did 
not alter the respiration-enhancing property of microsomes (Table III, 
Experiment A). Even boiled microsomes retained most of this activity; 
none of it passed into the aqueous extract (Table III, Experiment B). 


200 
WN 023 M No Plus 
5100 
50 025M 
2 3 4 
Hours 
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The heat-stable, respiration-enhancing principle of microsomes proved 
extractable with acetone, although the effect of the Ap extract on the Mw, 
fraction diminished more rapidly with time than did that of a quantity of 


whole microsomes of the same initial activity (Table III, Experiment B). 
The dried, acetone-extracted microsomal residue on the other hand did not 
influence the respiration of mitochondria. 


Experiments summarized in Table III, Experiment C, indicate that this 


extractable principle is located in the cytoplasm uniquely within the micro- 


III 
Effect of Derivatves of Cytoplasmic Constituents on Mitochondrial Respiration 
Qos (N) 
ist hr 2nd hr. 
mg. N 
A 1.2 None 95 90 
Pw (fresh), 1.3 mg. N 240 175 
“ (frozen, thawed) 260 210 
‘* (water-treated) 230 162 
0 “* (fresh), 1.3 mg. N 16 4 
B 1.0 None 89 90 
Pw (fresh), 1.0 mg. N per flask 174 132 
Boiled Pw (water extract) 93 87 
residue) 143 116 
Acetone extract of Pw (Ap) 169 103 
Pw (acetone residue) 92 90 
Cc 1.4 None 129 
8; (petroleum ether extract) 121 
Mw; (acetone extract) 128 


The flasks contain in addition, 0.005 m a-ketoglutarate; 0.025 m KCl; 0.15 m su- 
crose; temperature 30°. 


somal fraction. Extracts of mitochondria contained negligible activity. 
The active principle of the Ap preparation could be extracted with petro- 
leum ether and reemulsified in a manner similar to that employed to get 
the original emulsion. Petroleum ether extracts of the microsome-free su- 
pernatant fraction (S,), when worked up the same way, were inactive. 


DISCUSSION 
Interpretation of the K+ effects obtained in these experiments is com- 
plicated by the fact that mitochondria contain a high concentration of 
bound K+. Data to be published elsewhere indicate that mitochondria 
prepared and washed with 0.25 m sucrose contain about 0.3 per cent potas- 
sium on a dry weight basis. Two factors which could alter the K+ sensi- 


& 8. &. 


| 
J 


B. C. PRESSMAN AND H. A. LARDY 555 


tivity are leakage of K+ from the mitochondria and changes in their intrin- 
sic K*+ requirement. The transformations in mitochondria brought about 
by microsomes or the microsomal extract, as evidenced by the increase in 
respiratory rate, could conceivably evoke such a change in the intrinsic K+ 
requirement. It seems unlikely that such effects could become manifest 
until the concentration of K+ of the mitochondria had become reduced to 
the same order of magnitude as that present in the external medium, either 
through spontaneous leakage or under an additional influence of the added 
agents. The fact that Rb* or Cs* substitutes satisfactorily for K*, while 
Nat or Lit does not, is in keeping with the precedented biological and 
chemical properties of these cations (20). Study of the effect of NH,* was 
not undertaken as it introduces other complications into the Krebs cycle 
system (21, 22). 

Since the effects of microsomes in enhancing mitochondrial respiration 
could be interpreted as due to phosphatases and other enzymatic compo- 
nents (15), finding the major part of this activity present in a heat-stable, 
acetone-soluble fraction was unexpected. Present indications are that this 
effect involves development of ATPase activity within the mitochondria. 
Studies are now being directed toward purifying the active agent and eluci- 
dating its mode of action. 

Siekevitz (23) has recently reported an interaction between a mitochon- 
drial extract and an enzyme system of microsomes capable of fixing free 
amino acids into proteins. The present finding then constitutes a second 
example of a biological process involving the coparticipation of these two 
cell components. This suggests that the expansion of the isolated proper- 
ties of homogeneous cell components to their full biological significance will 
depend upon a thorough elucidation of the extent and the mechanisms of 
their interactions. 


SUMMARY 


1. The effects of the alkali cations on rat liver mitochondria have been 
studied by following the respiration of the latter in the presence of Krebs’ 
cycle intermediates. K+, Rb+, and Cs*+ were found to support higher rates 
of respiration than did Na* or Lit. 

2. Adding the microsomal fraction to mitochondria greatly increased the 
respiratory response of the latter to added Kt. 

3. This effect was also produced by a heat-stable, acetone-soluble ex- 
tract of microsomes. 
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THE KINETICS AND INHIBITION OF CYTOCHROME COM- 
PONENTS OF THE SUCCINIC OXIDASE SYSTEM 


I. ACTIVITY DETERMINATIONS AND PURITY CRITERIA* 


By BRITTON CHANCETt 


(From the Johnson Research Foundation, University of Pennsylvania, Philadephia, 
Pennsylvania) 


(Received for publication, August 17, 1951) 


It has been hitherto impossible to record accurately the changes of 
optical density that occur when the cytochrome components of the succinic 
oxidase system are oxidized and reduced. Our rapid and sensitive spec- 
trophotometric methods (1) now make this possible, and this series of 
papers presents our experimental results. In this paper, the characteristics 
of succinic oxidase preparations suitable for accurate spectrophotometric 
study are given, and the preparations are evaluated especially with re- 
spect to their ratios of pigment to turbidity, a factor that determines the 
success of our experiment. The hemoglobin content must also be ob- 
served because this pigment may seriously interfere with measurements of 
the Soret bands of the cytochromes. In addition, we have developed 
several methods for the accurate and rapid assay of oxidase activity of 
highly active preparations. In other papers, spectroscopic and kinetic 
data on the cytochrome components of the succinic oxidase system are 
presented (for a summary and a guide to these papers see Chance (2)). 

Preparations—Our preparation method is according to that of Keilin 
and Hartree (3) and Slater (4), with only a slight extension as described 
below. Some details differ; for example, sand grinding may be replaced 
by blender homogenization. The activities that are obtained indicate 
that the results are as good as those of the Cambridge workers.' We 
treat the acid-precipitated homogenate in two ways to free it from hemo- 
globin: (1) two washings with buffer by means of high speed centrifugation 
or (2) treatment with 0.5 per cent nitrite for 8 minutes followed by dialysis 
for 2 hours or high speed centrifugation as in (1). The latter method is 
the most effective that we have used and gives a highly active succinic 
oxidase preparation (Qo, = 400 at 26°) free of hemoglobin according to 
our criteria. 


* This research has been supported in part by a grant from the Division of Re- 
search Grants and Fellowships, National Institutes of Health, United States Public 
* Health Service. 

t With the technical assistance of Mr. T. M. Devlin and Mrs. Helen Conrad. 

'Dr. E. C. Slater gave valuable advice on necessary modifications of the basic 
method. 
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No soluble cytochrome c is added in these activity tests. 

Measurement of Over-All Activity—Whereas in classical respirometry the 
oxygen in the gas phase is consumed, our spectrophotometric methods 
preclude shaking the sample, and only the oxygen that is dissolved in the 
buffered oxidase solution (about 240 uM at 26°) is available for these studies. 
The rate of diffusion of oxygen through the undisturbed air-liquid interface 
of the path of the 1 cm. cuvette used for spectrophotometry is not fast 
enough to be of significance. And, since we are not dependent upon the 
rate of diffusion of gas through the interface, it is possible to measure much 
higher oxidase activities than is possible with gasometric techniques. This 
feature of our methods is of considerable advantage because rather high 
oxidase concentrations are needed for spectrophotometric studies. 

Since we deal with dissolved oxygen, molar units are appropriate, and 
activities are expressed in micromoles per liter of oxygen per second (micro- 
moles per liter per second). These activity values are readily converted 
into gas volumes per hour by multiplying by 81 (micromoles per liter per 
second X 81 = microliters per hour (in a volume of 1 cc.)). 

There are three classes of methods that can be used: (1) measurement 
of oxygen concentration, (2) measurement of donor concentration, and (3) 
direct measurement of the reduction of the cytochrome components them- 
selves. In the first class, the polarographic techniques have repeatedly 
been used in oxidase studies (5-7). The platinum micro electrode is more 
convenient to use than the dropping mercury electrode, and, in addition, 
gives continuous and not intermittent data, as shown by the records below. 

The concentration of a number of electron donors for the cytochrome 
system may be measured spectrophotometrically, such as p-phenylene- 
diamine, soluble ferrocytochrome c, reduced diphosphopyridine nucleotide, 
and succinate. Succinate reduces all the recognized cytochrome com- 
ponents, gives roughly as high and as stable an activity as can be obtained 
with donors reacting with cytochrome c, and has no absorption bands that 
interfere with the measurement of the cytochromes. And the formation 
of fumarate from succinate is readily measured at 250 my where the in- 
crement of extinction coefficient on the formation of fumaric acid is 1.3 
cm.—! X (Racker (8)) or 2.6 cm.-' X of oxygen since 2 fu- 
marate = 1 oxygen. 

Activity Determination by Measurement of Fumarate Production—The 
measurement of the oxidase activity by this method is illustrated in Fig. 1. 
The heart muscle preparation is diluted between 100- and 200-fold and is 
placed in the light path of the recording spectrophotometer (1) and the 


initial horizontal portion of the trace is obtained. A small volume of . 


concentrated succinate is added, and the formation of fumarate proceeds 
as shown by the rising trace. The slope is constant; the reaction is of 


. 
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sero order. The oxidase activity in micromoles of O, per liter per second 
is computed from the known time and concentration scales. This is a 
rapid, simple, and accurate method for determining the over-all activity of 
succinic oxidase preparation. 

The discontinuity between the slope of the fumarate trace extrapolated 
to zero time and the base-line before succinate addition is caused by the 
small absorption of succinate. The production of fumarate proceeds 
immediately upon addition of succinate, with no measurable lag. 

Some difficulties may be experienced in carrying out this test with 
commercially available spectrophotometers, since the rates obtainable with 

4mM SUCCINATE Added 
—{60 secie— 


HEART MUSCLE PREPARATION A=250 mp 


Fic. 1. The measurement of the over-all activity of succinic oxidase in terms of 
the rate of fumarate production. The addition of 4 mm succinate to heart muscle 
preparation diluted 150-fold causes a jump in the trace, and then the production of 
fumarate proceeds at a constant rate. The optical density scale is calibrated electri- 
cally (an increase of optical density gives an upward deflection) and the fumarate 
scale is computed with the extinction coefficient 1.3 cm.~' X mm™ (8). The oxygen 
rate is computed as half the fumarate rate (Experiment 710d). 


active preparations are only about 0.020 in optical density per minute, 
but activity tests are often carried out in this manner when necessary. 
Measurement of Succinate Affinity of Heart Muscle Preparation by Fu- 
marate Method—As an example of the utility of the fumarate method 
and as a basis for computations made later in this work, the relationship 
between fumarate rate and initial succinate concentration is given in 
Fig. 2, A according to the method of Fig. 1. The data are replotted in 
Fig. 2, B and the value of K,, is 5.3 X 10~ m at 28° for this particular 
preparation. Some variation of this value is to be expected; a heart muscle 
preparation of very high oxidase activity might require a larger succinate 
concentration for half maximal activity, and values up to 1 mm have been 
obtained. The dissociation constant measured in this way is significantly 
lower than that obtained by Pardee and Potter (6 < 10-* m) (9). 
Determination of Oxidase Activity by Measurement with Platinum Micro 
Electrode—Although the sensitivity of the micro electrode may vary slowly 


Diluted times | 
OXYGEN RATE 

(uM/sec.) 
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with time (7), our experiments are begun in a known oxygen concentra- 
tion and are run until the oxygen concentration is exhausted, and the elec- 
trode sensitivity is calibrated for each experiment. Under carefully con- 
trolled conditions, it is often possible to obtain reliable indications of the 
time at which the oxygen concentration has fallen to zero and to meas- 
ure small oxygen concentrations with an error of only 1 uM. 

By recording simultaneously with the platinum micro electrode and with 
the spectrophotometer set at 250 my, a comparison of the kinetics of oxygen 
disappearance by the two methods is obtained as shown by Fig. 3. The 
correspondence between the oxygen and fumarate activities is indicated 
by the fact that both reactions halt simultaneously according to this 


; 


succinate concentration. A, the original data; in B, a value of K, = 5.3 X 10 
is obtained. Initial rates of fumarate production measured at 250 my in a 1 cm. cu- 
vette. Heart muscle preparation diluted 100 times; 28°; 0.15 m PO,", pH 7.2 
(Experiment 619). 


record. And the horizontal trace at the end of the fumarate record shows 
that the fumarase activity of these preparations is negligible compared to 
their oxidase activity, even when the fumarate concentration is about 0.5 
mM. The extinction coefficient of fumarate is calculated to be 1.3 cm.~ 
xX ms’, as it should be (8), if light scattering causes no error. 

Whereas the oxygen trace closely follows a zero order course, the slope 
of the fumarate trace decreases owing to non-linearity in the recording of 
the large optical density change caused by the production of an amount 
of fumarate equivalent to 240 um oxygen. A more accurate comparison 
of the slopes is obtained at low initial oxygen concentrations and is given 
in another paper. 

Determination of Oxidase Activity by Spectrophotometric Recording of Re- 
duction of Cytochrome Components of Heart Muscle Preparations—Spectro- 
photometers of ordinary sensitivity are unsatisfactory for measurements 
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of the changes of optical density caused by oxidation or reduction of the 
cytochrome components of heart muscle preparation. By stabilizing the 
intensity of the light source for the monochromator and by increasing the 
sensitivity and stability of the circuits for measuring the photocurrent, the 
recording instrument measures optical density changes with an error of 
less than 10~* and responds in less than 1 second (1). 

The oxidase activity may be measured from the time interval between 
the addition of succinate (or any suitable donor) and the appearance of 


240 wM OXYGEN 
SPECTROPHOTOME TRIC 
PLATINUM TRACE 
TRACE 
A*250mp 
OXYGEN 
ZERO FUMARATE 


Fic. 3. Simultaneous measurement of the activity of a succinoxidase system by 
means of the platinum micro electrode and the spectrophotometric measurement of 
fumarate production. Dilution of the heart muscle preparation, 1:150. Initial oxy- 
gen concentration, 240 um. 0.15 m phosphate buffer, pH 7.2. On the basis of 
the known initial oxygen concentration and on the assumption that stoichiometry 
of the reaction is 2 fumarate molecules per oxygen molecule, the extinction co- 
efficient of fumaric acid is computed to be 1.3, in agreement with the actual value 
of 1.3 (8) at 250 my (Experiment 587b). 


the bands of reduced cytochrome. For this method to be accurate, the 
reduction of the cytochrome must occur rapidly and at an oxygen concen- 
tration small compared with the initial oxygen concentration. The simul- 
taneous platinum micro electrode and spectrophotometric traces of Fig. 4 
show that the steady state concentration of the cytochrome component is 
constant, while the oxygen disappears at a constant rate. When the 
oxygen concentration falls to a value negligible compared with the initial 
value, a rapid reduction of the cytochrome occurs. 

*Slater (personal communication) reports that he can measure the appearance 
of the band of cytochrome a; at 445 my in the Hilger Uvispek which apparently 
performs much more reliably than does the Beckman spectrophotometer (see also 
Holliday and Beaven (10)). 


4 
¥ 

q 

ey 

i 

& 

KUM | 


562 CYTOCHROME COMPONENTS. I 


The activity of the oxidase is computed according to the simple formula 


um O; per second = ee (1) 
off 
Z is the initial oxygen concentration (micromoles); 4 o« is the time from 
the addition of donor to half reduction of the cytochrome component 
(seconds). 


OXYGEN RATE (yM/sec) 1.0 

Fria. 4. Illustrating the measurement of the activity of heart muscle preparations 
by the time interval between addition of succinate and reduction of the oxidase 
component. The platinum micro electrode record illustrates the constant rate of 
oxygen consumption until the oxygen is almost exhausted. The spectrophotometric 
trace shows that the time interval from addition of succinate to reduction of the 
oxidase component corresponds accurately to the data obtained with the micro 
electrode. Thus the two oxygen rates computed from the separate experiments 
agree satisfactorily. pH 7.2, 0.15 m PO," (Experiment 613b). 


This formula has good theoretical justification and has been used ex- 
tensively in studies of enzyme-substrate components (11) in the form 
Zo 
Pinax.ly off 


k= sec.~!) (2) 
where Pmax. is the steady state concentration of the enzyme-substrate 
complex. In a later paper the use of this equation for a multicomponent 
enzyme system is discussed in detail. pmax. is evaluated as ADug in this 
paper (see below). 

Any one of the cytochrome components in the main pathway of electron 
transfer may be employed in this test, but it has been found most conven- 
ient to use the band of component a; at 445 my as illustrated by Fig. 4. 
And by measuring the optical density change from the steady state oxidized 
to the reduced state, ADus is obtained and is used to characterize the prep- 
aration as shown below. 

One great advantage of this method of activity determination is that 
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it can be used successfully in very concentrated oxidase solutions in which 
other procedures could not be used because of inadequate speed of response 
or excessive turbidity of the solutions. Oxygen rates up to 100 um per 
second have been measured with this method. Under such conditions, 
care must occasionally be taken to insure that the very strong oxidase 
preparations are completely aerated before the donor is added and the 
decomposition of oxygen begins. 

Effect of Oxyhemoglobin—The dissociation of oxyhemoglobin occurs at 
a higher oxygen concentration than the reduction of cytochrome and 
therefore interferes with our activity tests. Its spectrum, of course, ob- 
scures that of the cytochromes. We have identified hemoglobin as an 
interfering pigment by its low oxygen affinity and by the slow speed of its 
oxidation, and routinely estimate it spectrophotometrically as described 
below. 

Figures of Merit—We have adopted four criteria for evaluating the use- 
fulness of a succinic oxidase preparation for our studies. The oxidase 
activity per unit turbidity is measured by the quotient of the oxygen rate 
(micromoles per liter per second) and the total optical density at 500 mu, 
a wave-length at which there are no cytochrome bands. The quantity 
K, = micromoles of O, per liter per second/Dyo is a more relevant value 
than Qo,, since an active preparation must be judged not by its dry weight 
but by its turbidity. However, K, is readily converted to Qo, by multi- 
plying by 62, because these preparations show a dry weight 1.3 times the 
value of Dgo.2 The maximal value of K, is about 6.5 at 26° which cor- 
responds to Qo, of about 400 (and about twice this value at 38°, according 
to our studies). Our methods give preparations of excellent activity (12). 

The difference spectrum of oxyhemoglobin and hemoglobin shows a peak 
at 430 my, but in order to eliminate the effect of cytochrome c and to reduce 
somewhat the effect of cytochrome b, hemoglobin content is estimated 
by the optical density change at 433 my. This figure of merit, Ko, is 
ADus/AD43, the ratio of cytochrome a; to hemoglobin (plus some cyto- 
chrome b).4 In washed heart muscle homogenates, K; may be as low as 0.1. 
Our preparations give K,; = 4 to 6, and this value is required for studies 
in the region of the Soret band. K: = 2 is satisfactory for studies in the 
visible region of the spectrum. Later spectroscopic studies with carbon 
monoxide show such preparations of K; = 6 to be very nearly free of hemo- 

*81 times the micromoles of oxygen per liter per second is divided by 1.3 times 
Dye, corresponding to the fat-free dry weight in mg. per cc. The dilution of the 
heart muscle preparation is adjusted so that Dsoo = 0.7 to 1.0 cm.~! as measured in 
the Beckman DU spectrophotometer. 

‘ As a matter of fact, very little cytochrome } is measured at 433 my because of the 
large reduction of cytochrome b in the steady state preceding reduction. Hemo- 
globin is, of course, fully oxygenated in the steady state. 
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globin. Fly muscle mitochondria,’ which contain no hemoglobin, give 
K, = 6, in confirmation of our criterion for heart muscle preparations. 

Our ability to use a preparation effectively depends upon the intensity 
of the cytochrome bands with respect to the turbidity and K; = 10° x 
ADaus/Dsoo.* This value reaches 100 for our preparations. The value 
for bakers’ yeast is about 2, and material of K; below 1 is very difficult to 
study. A “solubilized” preparation gives a value of K; = 5000 (13). 

The actual activity of cytochrome a; is given by 10° X Ki/K; = Ky, = mi- 
cromoles of O, per liter/ADus, and this has proved to be a most useful cri- 
terion for the evaluation of different preparations. This value actually 
implies the turnover number of cytochrome az, as indicated by Equation 2 
(this will be evaluated in a later paper). K, = 80 appears to be a limiting 
value for our preparations at 26°. 

Comparison of Succinic Oxidase Preparations on Basis of K,—In addition 
to heart muscle preparations, giant mitochondria from the flight muscle 
of the blow-fly have been tested, and they give K, = 25 in succinic oxidase 
activity in vitro. A sample of pea seedling succinic oxidase gave a value 
of K, = 35.’ In the intact bakers’ yeast respiring in the presence of 
sucrose, K, is about 250 at 26°. That this is only 3 times the value for 
heart muscle preparation is of some interest, for in yeast all the dehydro- 
genase systems are available to cytochrome. It is possible that a value of 
K, of several hundred is the maximal that is attained with the cytochrome 


a; system at 26°. 
SUMMARY 


Three methods for the estimation of the activity of succinic oxidase 
preparations are described which are suitable for measurements of the 
oxidase activity in the concentrated solutions necessary for the spectro- 
photometric determination of the cytochrome components. The platinum 
micro electrode for measuring oxygen uptake and the spectrophotometric: 
method for measuring fumarate production are not as suitable for activity 
tests of as concentrated solutions as is the third method. This method is 
suitable for measurements of oxygen rates of up to 100 um per second. 

The spectrophotometric method of measuring fumarate production has 
been used to determine the succinate concentration giving half maximal 
activity and values between 0.5 and 1 X 10-* m succinate are found. 


* Kindly prepared by Dr. L. Levenbook, Biological Laboratories, Harvard Uni- 
versity. 

* The dilution of the heart muscle preparation is adjusted so that 1), = 0.02 to 
0.10 em... 

*The preparation was purified by Dr. Helen Stafford, Botany Department, 
University of Pennsylvania. 
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The properties of a number of heart muscle preparations have been 
studied in terms of their oxidase activity, their freedom from hemoglobin, 
their suitability for spectrophotometric studies, and their oxidase activity 
in terms of the optical density change on reduction of cytochrome com- 
ponent a; measured at 445 mp. The Qo, of these preparations reaches 
400 at 26° with no added cytochrome c. The ratio of oxygen rate to 
optical density change at 445 my reaches 80 for preparations of horse 
heart muscle, and this value lies between the values for a preparation of 
pea seedling succinic oxidase (35) and that for intact respiring yeast cells 
(250) at 26°. 
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THE KINETICS AND INHIBITION OF CYTOCHROME 
COMPONENTS OF THE SUCCINIC OXIDASE SYSTEM 


II. STEADY STATE PROPERTIES AND DIFFERENCE SPECTRA* 


By BRITTON CHANCE 


(From the Johnson Research Foundation, University of Pennsylvania, Philadelphia, 
Pennsylvania) 


(Received for publication, August 17, 1951) 


In Paper I (1), methods were described for measuring the changes of 
optical density of a turbid heart muscle preparation on reduction by suc- 
cinate. By repeating such experiments at various wave-lengths, the dif- 
ference spectrum between the steady state oxidized and the reduced forms 
of the heart muscle preparation is plotted. Such spectra clearly show the 
recognized absorption bands of the cytochrome components at the follow- 
ing wave-lengths: a at 604 my, b at 561 my, c at 551 my, and a; at 444 my. 

The cytochrome components are usually considered to be fully oxidized 
when acting catalytically upon succinate at atmospheric concentrations of 
oxygen. These studies have revealed that a considerable reduction of the 
cytochrome components occurs upon the addition of succinate to an active 
heart muscle preparation in air. Thus a difference spectrum between the 
oxidized and the steady state oxidized forms is measured. The sum of this 
difference spectrum and that obtained when the oxygen is exhausted gives 
the true difference spectrum from the oxidized to the reduced form of the 
succinic oxidase system. 

Appropriate wave-lengths for quantitative measurements of the relative 
amounts of the four cytochrome components are designated, and the inter- 
ference caused by the other components is evaluated and corrected for when 
necessary. On this basis, the percentage oxidation of the cytochromes in 
the steady state is computed. It is also possible to compare the oxidase 
activity of different heart muscle preparations on the basis of their relative 
content of the various cytochromes. 


Methods 
The changes of optical density following the steady state operation of 
the heart muscle preparation are readily recorded as shown in Paper I (1), 
and the complete difference spectrum is constructed either by repeating the 
* This research has been supported in part by a grant from the Division of Re- 


search Grants and Fellowships, National Institutes of Health, United States Public 
Health Service. 
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same experiment with fresh solutions at different wave-lengths or by aerat- 
ing the same solution and measuring the reduction at various wave-lengths, 

The technique of measuring the change from the oxidized form to the 
steady state oxidized form is more involved. Since the total optical densi- 
ties of these turbid suspensions are about 1.0 and a change of only 5 X 10~ 
is to be detected, the addition of any considerable volume of liquid contain- 
ing succinate would cause a dilution sufficient to throw the sensitive re- 
corder well off scale. For this reason, a nearly saturated solution of sodium 


—+60sec 
Reduced Reduced 
Reduced — 
= 
= 
Stote — 
Steady State Oxidized 
Oxidized 
WAVELENGTH (my) 444 551 56) 604 
DILUTION 18 6 6 6 
PERCENTAGE OXIDATION 
IN STEADY STATE 95 65 58 78 


Fic. 1. Typical records of the effect of adding succinate to heart muscle prepara- 
tion at wave-lengths corresponding to the peaks of the absorption bands of cyto- 
chrome components a;, c, b, and a. 5.6 wl. 2 m succinate added to 3 cc. of heart 
muscle preparation diluted six times in aerated buffer. The final succinate concen- 
tration was 3.5 mm. The oxygen rate for this dilution is 20 um per second. The 
total optical density at 500 my is 0.850 for a 30-fold dilution. The value of Qo, 
is 260 ul. per hour per mg. of fat-free dry weight at 27° (Experiment 644b-B5). 


succinate (~2 Mm) is made up, and additions to the solution are made by 
micro-pipettes containing between 1 and 7 wl. Thus the dilution factor is 
only about 10 and corrections are readily made to the observed deflec- 
tions. The amount of succinate that can be added in this manner is about 
3mm. Previous studies on these preparations (1) show that the succinate 
concentration giving half maximal activity under these conditions is be- 
tween 0.5 and | mm. Thus the spectra correspond to about 80 per cent 
saturation with succinate. 


EXPERIMENTAL 


Difference Spectra on Reduction by Succinate—Fig. 1 shows a spectro- 
photometric recording of the effect of succinate addition to a heart muscle 
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preparation at the wave-lengths corresponding to the peaks of the cyto- 
chrome components a, b, c, and a3. The base-line is established by stirring 
the solution and then the succinate is added. The abrupt upward deflec- 
tion (increase of optical density) is here attributed to a partial reduction 


+0040: Reduced —> 
+0020" 
0 
Lia 
“0.020: 
370 500 
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Fic. 2. The difference spectra of the steady state oxidized and the reduced com- 
ponents of the succinic oxidase system in the visible region (B) and in the region of 
the Soret band (A). The steady state oxidized spectra of the components are ob- 
tained upon the addition of 1.9 ul. of 2 Mm succinate to 3 cc. of a 6-fold dilution of heart 
muscle preparation for B (the final succinate concentration is 1.5mm). An oxygen 
rate of 10 um per second was measured at 27°. The data are corrected for the dilution 
effect caused by succinate addition (~ —5 X 10°‘ cm.'). The ordinates are cor- 
rected for non-linearity of the recording. The preparation used in B gave optical 
density changes of 0.326 and 0.282 at 445 and 408 my, respectively (Experiment 
643e-B-4). In A 4 wl. of 2 m succinate were added to a 30-fold dilution of a prepara- 
tion of oxygen rate = 1.2 um per second. The dilution correction was —1.5 X 10-* 
em.~' at 405 my (Experiment 701b-A-18). 


of the cytochrome components, because the addition of an equal volume 
of water gives only a small deflection and of the opposite sense. In the 
brief steady state that ensues, the concentration of the cytochrome compo- 
nents is relatively constant. When the oxygen is exhausted, the cyto- 
chrome components are completely reduced (see ‘‘Discussion”). The op- 
tical density increments corresponding to these two stages in the reduction 
are computed from the transmission data and are plotted as functions of 
wave-length in the visible and the Soret regions (Fig. 2). 


| | 

t 

e 
t 
> 


570 CYTOCHROME COMPONENTS. II 


OXYGEN RATE (uM/sec) 


L 


5 


B 
INCREMENT OF OPTICAL DENSITY(cm~ 
OXYGEN RATE (yM/sec. ) 


--O5 
550 600 620 
A(myp) 


Fic. 3. Difference spectra from steady state oxidized to reduced form, representing 
several variations in the content of cytochromes c and b. The left-hand ordinate 
gives the increment of optical density (cm.~'); the right-hand ordinate, the quotient 
of the increment of optical density < 1000 and the oxygen rate in micromoles per 
liter per second. A, a preparation of high activity diluted 3.5-fold in the presence 
of 13 mm succinate and 600 um oxygen, measured in a 1.7 mm. optical path (Experi- 
ment 635e). 3B, a preparation oj average activity diluted 3.5-fold in the presence of 
13 mM succinate and 600 um O, and measured in a 1.7 mm. optical path (Experi- 
ment 642b-B2). C, a preparation of good activity diluted 3.5-fold in the presence of 
13 mM succinate and 600 um oxygen and measured in a 1.6 mm. optical path (Ex- 
periment 637b). 
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These difference spectra show the sharp clean bands of the cytochrome 
components of the heart muscle particles and absorption peaks are found 
at 604, 561, 551, 525, and 444 my. And the assumption of partial reduc- 
tion of the cytochrome components in the steady state is verified by the 
existence of their absorption bands in the steady state oxidized system. 
The location of these peaks corresponds closely to the positions given by 
Keilin and Hartree (2) on the basis of visual observations of the intact or 
cholate-treated heart muscle particles. The position of the a band agrees 
very closely as does the position of the c band. The b and a; bands are 
several millimicrons lower than those observed visually (see ‘‘Discussion’’). 


Reduced 
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Fic. 4. Difference spectra of the cytochrome components of mitochondria pre- 
pared from the flight muscle of the blow-fly, suspended in 0.2 m sucrose. In the 
visible region (B, Experiment 786b), the stock suspension was diluted 3.7-fold, and, 
for the Soret region (A, Experiment 786a), the dilution was 16-fold. The oxygen 
rates in the presence of about 7 mm succinate were, respectively, 2.2 and 0.38 um per 
second, corresponding to a value of K, of over 30 and a value of K, = 1.4 (1). The 
dry weight of the stock suspension was approximately 8.5 mg. per cc., corresponding 
to a sarcosome count of roughly 10” per cc. 


Difference Spectra of Several Types of Preparations—In order to reveal 
any relationship between the relative content of the cytochromes and the 
over-all oxidase activity, the difference spectra of three rather distinct types 
of preparations are shown in Fig. 3. The scale along the right-hand or- 
dinate gives the quotient of optical density increment and oxygen rate. 
The preparations of Fig. 3, A and C are of about equal activity, although 
their content of cytochrome ec differs considerably, and the preparation of 
Fig. 3, B has less activity, even though the bands for cytochrome b and ¢ 
are strong (see “Discussion”’). 

Another extreme is represented by the cytochromes of the intact mito- 
chondria of flight muscle of the blow-fly' (see Fig. 4). More cytochrome 


‘These mitochondria were kindly prepared by Dr. Leo Levenbook, Biological 
Laboratories, Harva.d University. 
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b and c is present than in heart muscle homogenates, as shown by both their 
visible and Soret bands; the latter are represented by the plateau at 420 
to 430 mu. However, the succinic oxidase activity of the mitochondrial 
preparation is relatively low. Since the fly contains no hemoglobin, the 
quantity Kz = AD gas/ AD 433 should be at its maximum (1). Kz = 6 for 
Fig. 4, compared to our values of 4 to 6 for heart muscle preparations. 

Mitochondria of flight muscle and rat liver are more difficult to use than 
homogenates because of non-specific optical density changes caused by suc- 
cinate addition that are probably associated with changes in the properties 
of their membrane. Thus we have no data on the steady state oxidation 
of the cytochromes in flight muscle or rat liver mitochondria. 


DISCUSSION 


Spectrophotometric techniques available at the present time are satisfac- 
tory for accurately recording the optical density changes on the reduction 
of the cytochrome components following the addition of succinate. It has 
been found that the characteristic absorption bands of cytochrome compo- 
nents a, b, and c appear upon the addition of succinate to heart muscle 
preparation in the presence of oxygen. These absorption bands are greatly 
intensified when the oxygen supply is exhausted and the band of cyto- 
chrome a; definitely appears. This result is interpreted to mean that the 
cytochrome components are not completely oxidized in the presence of suc- 
cinate and oxygen and that the gradation in the extent of their oxidation 
may be of importance in studying the mechanism of cytochrome action. 

An attempt has been made to compute the percentage oxidation in the 
steady state of the cytochrome components on the basis of these data, and 
it is necessary to identify the components uniquely at the wave-lengths 
used. Keilin and Hartree (2) provide the basis for identifying cytochromes 
a3, c, b, and a with the wave-lengths 448, 550, 564, and 605 my. And these 
spectra show absorption bands at 444, 551, 561, and 604 my. The slight 
differences in the band positions are not unexpected in view of the differ- 
ent methods of measurement. Keilin and Hartree (2) estimated with a 
micro spectroscope against a background of the reduced heart muscle 
preparation; these data are measured spectrophotometrically with the oxi- 
dized heart muscle preparation as the reference spectrum. 

Several factors that must be considered before attempting to compute 
these steady state values are (1) the total optical density change must 
correspond to the enzymatically fully oxidized and fully reduced forms, and 
(2) the pigments must be independently measured at the particular wave- 
lengths used or suitable corrections must be made. 

It is generally accepted that cytochromes a3, a, and ¢ are fully oxidized 
in the presence of air and in the absence of donor substrate and are fully 
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reduced in the absence of oxygen and in the presence of excess donor sub- 
strate. Ball’s studies (3) suggest incomplete reduction of cytochrome b 
under the latter conditions. These experiments show, however, that no 
further reduction of cytochrome b occurs when the succinate concentration 
is varied over wide ranges in the absence of appreciable amounts of fuma- 
rate and that hydrosulfite causes no further reduction of succinate-reduced 
cytochrome b in flight muscle mitochondria. These points are presented 
in another paper in which we conclude that cytochrome b is nearly com- 
pletely reduced by succinate in our studies. 

We may now consider whether or not the pigments are independently 
measured at the various wave-lengths. Cytochrome a; is not appreciably 
affected by the amounts of cytochrome c present in these preparations. 
Calculations indicate that the reduction of cytochrome c in a typical heart 
muscle preparation contributes about —3 per cent to the optical density 
change at 444 my on reduction of cytochrome a;. And on the basis of the 
data of Pappenheimer and Hendee (4), cytochrome b would make a very 
small negative contribution at 444 my. The flavoproteins of this prepara- 
tion are not yet detectable by methods that readily reveal them in bakers’ 
yeast and are therefore unlikely to interfere here. Carbon monoxide and 
cyanide cause over 60 per cent disappearance of the absorption band of 
reduced cytochrome a;. Thus the contribution of cytochrome a at 444 
my is not very large, and is, in fact, assumed to be negligible in our calcu- 
lation of the steady state percentage oxidation of cytochrome a; from the 
optical density changes at 444 my. 

Component a, as measured at 604 my, is affected less than 5 per cent by 
component c, and not at all by component b. The effect of cytochrome 
a, absorption is small at this wave-length because its combination with 
cyanide or carbon monoxide causes only a 20 per cent decrease in the in- 
tensity of the 604 mu band, and we neglect the absorption of cytochrome 
a; in our calculations of the steady state oxidation. No appreciable error 
is involved in this procedure because the percentage oxidations of cyto- 
chromes a and a; are similar. 

Component c is not greatly affected by cytochrome b because the data 
of Pappenheimer and Hendee (4) show that component b would not con- 
tribute appreciable absorption at 551 my. None the less, the cytochrome 
¢ difference spectrum is clearly depressed below the oxidized spectrum, as 
evidenced by the fact that the isosbestic points between the spectra of 
pure ferri- and ferrocytochrome c at 505, 528, and 542 mz all lie below the 
oxidized spectrum in Fig. 2. This effect may in part be attributed to the 
spectra of cytochromes a and a; (Dr. Lucile Smith, personal communica- 
tion). The optical density change from reduced to oxidized cytochrome 
c is therefore measured from one of the isosbestic points (542 my) to the 
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peak of the reduced cytochrome c band at 551 my, and the steady state 
values are computed on this basis. 

Although the difference spectrum of cytochrome 6 in the region of 561 
my is not greatly affected by that of component a (or a + as), it is consid- 
erably affected by the decrease of optical density occurring at 561 my when 
cytochrome c is reduced. This error is considerably reduced by measuring 
the difference of the optical density changes at 561 and 575 my. Allterna- 
tively, there is an isosbestic point between the ferri- and ferrocytochrome 
c spectra at 558 my, and the absorption caused by component b may be 
measured directly. The peak of the absorption band is roughly 30 per 
cent greater than the change at 558 muy. 

On the basis of these considerations, the percentage steady state oxida- 
tion of the four cytochrome components of three heart muscle preparations 
is summarized in Table I. Considerable variation is found from prepara- 
tion to preparation, but the sequence of values is usually a; > a > c > b. 

A study of a possible mechanism for the action of the cytochrome compo- 
nents suggests that the relationship a; > a > c > b is of significance in in- 
dicating the sequence in which these components react with oxygen. But 
the sequence itself does not represent conclusive proof of the mechanism. 
More extensive experimental data on other aspects of these reactions must 
be considered, and a complete mathematical analysis is given later. 

It is, nevertheless, worth while to note at this time that the relationship 
of these percentages is in accord with the currently accepted sequence of 
action of the cytochrome components in the succinic oxidase system (Keilin 
and Hartree (2) and Slater (5)). 


0: a; a — c — factor — b — succinate 


Since we now have measures of the relative amounts of the oxidized and 
reduced forms of the cytochrome components, it should be possible to deter- 
mine whether one of these components is rate-limiting in the oxidation of 
succinate. As will be shown in a later paper, the rate-limiting component 
is the one that reacts with succinate and is the one to which the succinate 
activity is proportional; i.e., the one for which the quotient of the oxygen 
rate and the optical density change on reduction from the steady state is a 
constant from preparation to preparation and under various experimental 
conditions. (This quotient is actually related to K, (1) and to the turnover 
number.) For a sequence of cytochrome components, the one showing & 
constant value of this quotient is then the terminal enzyme that reacts with 
succinate. A summary of these quotients for the cytochromes of various 
succinic oxidase preparations is given in Table I. The first three prepara- 
tions are similar and of fairly low activity (their initial high activity had 
decreased by the time these studies were made). The values of O, rate/AD 
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do not vary greatly for any of the components. The three preparations 
of Fig. 3 are somewhat more active and contain rather different relative 
amounts of the cytochromes. Here the values of O, rate/AD vary widely, 
and, on the basis of our criterion, we conclude that none of these cyto- 
chromes (a, c, and b) is the terminal enzyme of the intact succinic oxidase 
system. Hence cytochrome b is not succinic dehydrogenase and does not 
react directly with succinate. Tsou has already reached a similar conclu- 
sion on the basis of cyanide inhibition of succinic dehydrogenase activity 
(6). Our rather different approach supports his conclusion and extends it 
to the intact succinic oxidase system. 
I 
Summary of Measurements of Percentage Oxidation of Cytochrome Components ay, a, 
c, and b and Changes In Their Relative Reactivities in Various Succinice 
Oxidase Preparations 

reduced forms; the oxygen rates are in micromoles per liter per second (3 mm suc- 
cinate). 


Wave-length 
Experiment No. 
444 mp 551 mp 561 mp 604 mp 
643e-B-4 % oxidized in steady state 80 49 40 59 
O, rate/AD 27 290 450 270 
844b-B-5 % oxidized in steady state 95 65 58 78 
O, rate/AD 25 290 620 250 
651b-B-7 % oxidized in steady state 88 74 51 78 
O, rate/AD 18 180 450 155 
635e 820 910 800 
642-B-2 300 600 320 
637b 2000 2000 940 


SUMMARY 


1. Spectrophotometric measurements of the optical density changes on 
reduction of the succinic oxidase system place the absorption maxima at 
444, 551, 561, and 604 my, corresponding to the principal absorption bands 
a3, c, b, and a of the cytochrome components of Keilin and Hartree. 

2. The absorption spectra of partially reduced cytochrome components 
a, b, and c are measured in the presence of succinate and an atmospheric 
concentration of oxygen. These three components are only partially oxi- 
dized in the steady state action of succinic oxidase. 

3. The optical density changes on reduction attributable to cytochromes 
a; and a are directly measured at 444 and 604 my, respectively, without 
significant interference from other cytochrome components, although these 
two components interact somewhat. In the case of cytochrome c, the dif- 
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ference of the optical density change at 551 and 542 my is measured. In 
the case of cytochrome b, the difference of the optical density change at 561 
and 575 my is measured. 

4. On this basis, the steady state percentage oxidations of the cyto- 
chromes of a particular preparation are a; = 95,a = 77,c = 64, b = 60. 
Although considerable variation from preparation to preparation is ob- 
served, the sequence a; > a > c > b has usually been found. This se- 
quence is in accord with that of cytochrome action proposed by Keilin and 
Hartree. 


5. The relative values of the optical density changes upon reduction of 


the succinic oxidase system are respectively 7.6, 1, 1, and 0.6 for cyto- 
chromes 43, a, c, and b in three preparations of average activity. 

6. The constancy of the quotient of oxidase activity and optical density 
change from the steady state to the reduced form has been used as a cri- 
terion for identifying the component of the succinic oxidase system that 
reacts with succinate. No cytochrome fulfils this criterion, and therefore 
cytochrome b does not react directly with succinate and is not the succinic 
dehydrogenase in the intact succinic oxidase system. 
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The remarkable property of peroxidases to act as aerobic oxidases in the 
presence of dihydroxymaleic acid has led to the view that peroxidase acts 
as an oxidase by means of a ferric-ferrous cycle of valency change as do the 
cytochromes (1). Appropriate instrumentation and experimental condi- 
tions have now made it possible to measure simultaneously the oxygen, 
dihydroxymaleic acid, and peroxidase kinetics and to separate the reaction 
nearly completely into the oxidase (Equation 1) and peroxidase (Equation 
2) activities that comprise the over-all reaction of Equations 1 and 2.! 


+ DHM H,0; + DKA (1) 


H,0, + pHM + DKA (2) 
In this paper we shall reinterpret some of the earlier work and there- 
fore a brief summary follows: Interestingly enough, Szent-Gy6érgyi (2) 
began the search for a DHM oxidase because DHM, like catechol and 
succinic acid, forms colored complexes with ferric salts. Later with Banga 
(3) he found such a DHM oxidase in many plants, especially horseradish. 
They found that 1 atom of oxygen is equivalent to 1 molecule of DHM. 
Banga and Philippot (4) showed the reaction to be activated by Mn*-*, 
demonstrated peroxide formation, and concluded that the oxidation product 
of DHM is the diketo acid, as in Equation. 1 above. At the same time, 
Theorell and Swedin (5) also found Mn++ activation and catalase inhibition 
and identified DHM oxidase as a highly active peroxidase. They found 
that 2 oxygen atoms are equivalent to 1 DHM molecule. In a model 
system with cytochrome c as a peroxidase they concluded that Mn** acts 
as a mediator between DHM and peroxidase-peroxide (see Equation 1). 
In a second paper (1) they proposed a rather different mechanism: they 
* The research was supported in part by a grant from the Division of Research 
Grants and Fellowships, National Institutes of Health, United States Public Health 
Service, and in part by a grant from the Office of Naval Research. 
'‘DHM = dihydroxymaleic acid, HRP = horseradish peroxidase, LPO = lacto- 
peroxidase, CeP = cytochrome c peroxidase, DKA = diketo acid of DHM. 
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concluded that HRP acts directly as an aerobic oxidase by means of a ferric- 
ferrdts cycle of valency change of peroxidase iron. This conclusion is 
based upon the light-sensitive carbon monoxide inhibition of the oxidase 
activity (6) and upon the effect of carbon monoxide upon the absorption 
spectrum of HRP in the presence of DHM. Under the experimental con- 
ditions of this paper we find no effect of carbon monoxide upon the absorp- 
tion spectra of HRP, LPO, and CcP in the presence of DHM and find no 
carbon monoxide inhibition of the Mn**-activated oxidase activity. These 
results support the mechanism of Equations 1 and 2. We also find Mn+ 
to be essential to maximal activity under our experimental conditions. 
Thus this reaction requires two different heavy metal catalysts. 


EXPERIMENTAL 


Methods—The apparatus for measuring the rapid chemical reactions 
in the visible and ultraviolet regions of the spectrum is described else- 
where (7), as is the polarographic technique for measuring oxygen uptake 
(8). The apparatus was modified to permit operation at 4°. The DHM 
was obtained from the Delta Chemical Works and gave a purity of 80 
per cent on iodine titration. The values of é90 and ¢€35 are 10 and 1.7 
cm.~' per mm~, respectively, at pH 4.0 (see Table I). The HRP prepara- 
tion was carried out by Dr. A. C. Maehly and Miss Margit Grenholm, 
who followed the procedure of Theorell (9), and was very nearly pure on 
the basis of the value Du;/Das = 3.0. CcP of about 20 per cent purity 
was prepared by Mr. T. M. Devlin and Mr. D. Trevethan, who used un- 
published modifications of the procedure of Abrams e¢ al. (10). Pure LPO 
was kindly donated by Dr. B. D. Polis of the Eastern Regional Research 


Laboratory 
Results 


Anaerobic Reaction of HRP, DHM, and H,0,—In view of the specificity 
of HRP for the enediol group, the finding of a rapid peroxidatic reaction 
probably giving the diketo acid is to be expected (Equation 3). 


C—OH C=O 
H,O; + | _HRP | + 2H:0 (3) 
| 
COOH COOH 


Such a rapid reaction is demonstrated by the traces of Fig. 1, A which 
result from mixing anaerobic HRP with anaerobic H,O0; and excess DHM. 
The replacement of the spent solutions of a previous experiment causes the 
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abrupt downward deflection of the trace at 325 my (an increase of optical 
density). The zero order disappearance of DHM is indicated by the linear 
rise of the trace. At 425 my, the formation and disappearance of the 
peroxidase-peroxide Complex II are recorded. The nature of the kinetics 
suggests that the reaction of peroxidase-peroxide Complex II with the 
electron donor is the rate-determining step and the value of its second 


10942 20.020 
424m 
log-F#0.005 
O sec. 20 0 sec. 25 
Anoerobic Aerobic 
Peroxidose Oxidase 
Action Action 
A B 


Fic. 1. Rapid spectrophotometric measurements of the kinetics of DHM disap- 
pearance measured at 325 my and the appearance and disappearance of the peroxidase 
complex formed directly from HO, under anaerobic conditions in A and from DHM 
under aerobic conditions in B. The reactions were carried out in rapid flow appara- 
tus with 0.17 cm. optical path. An increase of optical density is indicated by an 
upward deflection at 424 my and by a downward deflection at 325 my. In A, 2 mm 
anaerobic DHM plus H,0O, are mixed with 1.64 um anaerobic HRP. In B, 2 mM 
anaerobic DHM plus 24 um Mn** are mixed with 1.64 um HRP in aerated buffer. pH 
4.0, 0.1 m acetate buffer. The optical density change of 0.020 at 325 my corresponds 
to 70 um DHM. 4°. (Experiment 82la.) 


order velocity constant is about 2 X 10‘ m~' X sec.—' at pH 4, similar to 
the value for the enediol ascorbic acid (11). As peroxide is formed from 
the oxidase reaction, as described below, this peroxidatic reaction will 
occur as a part of the aerobic oxidase reaction. 

Aerobic Reaction of HRP and DHM—Similarities are obvious in the 
records of Fig. 1, A and B. A peroxidase complex is seen to appear and to 
disappear in synchronism with the initiation and termination of the over-all 
activity, and a similar rate of disappearance of DHM is seen in the ter- 
minal phases of both reactions. The value of the velocity constant for 
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the slow phase of the oxidase activity agrees to within the experimental 
error with the value calculated from the anaerobic peroxidase reaction, 1.9 
and 2.2 X 10‘ m~' X sec.~', respectively, being obtained in a particular 
case (Experiment 821a). 

In the aerobic reaction, however, there appears a rapid initial disap- 
pearance of DHM at many times the rate of the slower reaction. These 
two phases of the aerobic reaction are of roughly equal amplitude and, in 
the course of the paper, will be shown to represent the reactions of Equa- 
tions 1 and 2. According to Equation 1, the conversion of O, to H,0, 


Flow Velocity ‘logy? #00020 
Trace | 370 uM 
Dihydroxymoaleic 
Acid 
Complex I 
[ Oxygen] —Free Peroxidase(O.6yM) 

(uM ) log 

770yM 
Dihydroxymaleic Acid 


Time after flow stops 0 25 50 
(sec. ) 

Fic. 2. A correlation of the rapid disappearance of oxygen and DHM. The ex- 
perimental conditions are generally as in Fig. 1, B except that 1.2 ua HRP are mixed 
with the reactants and the platinum micro electrode polarized at —0.3 volt is in- 
serted into the capillary observation tube of the flow apparatus. The platinum 
micro electrode trace goes off scale during the flow of liquid in the observation tube 
and the point marked 190 um O; is calibrated in a separate experiment (Experiment 
821b). 


causes the rapid disappearance of DHM and then the anaerobic peroxi- 
datic reaction of HyO, and DHM causes the slower reaction of Equation 2 
to occur at the same rate as in Fig. 1, A. 

In order to show that there is a rapid disappearance of oxygen cor- 
responding to the rapid disappearance of DHM, the enzyme concentra- 
tion is decreased to permit a clear recording of the platinum micro electrode 
data and the result is shown in Fig. 2. Nearly all the oxygen disappears 
in the fast reaction. The slower tail on the platinum micro electrode 
trace is not caused by the oxidase reaction; a similar effect is observed in 
the anaerobic reaction of Fig. 1, A and is caused by the disappearance of 
DHM. (Quantitatively, 76 per cent of this slow effect is explained in this 
manner.) A much more accurate correspondence of the fast DHM dis- 
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appearance with the oxygen uptake is obtained at lower enzyme concen- 
trations, at which the sensitivity of our apparatus unfortunately is inade- 
quate to register the kinetics of the peroxidase complex. 

Stoichiometry of Peroxidase and Oxidase Reactions—Twice as much DHM 
will be consumed in the aerobic reactions (Equations 1 and 2) as in the 
a anaerobic peroxidatic reaction (Equation 2). We have first confirmed the 
* stoichiometry of the peroxidatic reaction in which the amount of DHM 

disappearing in the presence of H,O, on the basis of spectrophotometric 


Tasie I | 
Determination of Molecular Extinction Coefficients and Purity for 
Dihydrozymaleic Acid 
(Delta, Sample 1.) (Experiments 820a, 820b, and 827.) The values of ¢ are in 
em.~' X mm™!. pH 4.0, 0.1 m acetate buffer. 


¢ (from Is titration) Average 


7.1 10.6 9.50 10 
1.22 1.81 1.63 1.7 


Taste II 
Effect of Oxygen Concentration upon Stoichiometry of Reaction 
The values of « are in cm.~' X ma (Experiments 7S4a, 8l4e, 820). 
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| measurements at 325 my is compared with the iodine titration value for 
| DHM, and confirmation of the 1:1 stoichiometric value is obtained as 
: shown in Table I. Table II shows the results of a study of the amount 
of DHM oxidized in the oxidase reaction and reveals a peculiar effect; 
the [DHM]/[O.] value increases at low [O.]. However, in the region of our 
experiments, the stoichiometric value approximates that required by Equa- 
tions land 2. In the oxidase reaction that proceeds in the absence of Mn++ 
at higher temperatures, the [DHM]/[O.] value is about 1.6 (Experiment 
527). Such a variation of the stoichiometry of the reaction is attributed 
to unstable reaction products that react with DHM at low oxygen concen- 
trations and with oxygen at high oxygen concentrations and higher tem- 
‘ peratures. It is also possible that oxidation products of DHM may act 
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290 
325 
| true 
* See Table I. 


as electron donors. These results indicate the complexity of the chemistry 
of DHM oxidation and the need for its further study. 

Kinetics of Fast Oxidase Reaction—Fig. 3, A and B, shows that the fast 
reaction is much more sensitive to Mn++ and oxygen concentration than 
the slow reaction. Again we identify the fast oxidase reaction with Equa- 
tion 1 and the slow peroxidatic reaction with Equation 2. Maximal oxi- 


19° 
Cc 


Fic. 3. The effect of the concentration of Mn**, O:, and H,O, upon the oxidase 
activity. In A, 1.64 ua HRP in aerated buffer are mixed with 1.54 mw DHM plus 
various [Mn**] in anaerobic buffer. The ordinates represent the slope of the oscillo- 
graph traces which show DHM disappearance. The units are in millimeters per 
second. In B, 1.64 ua HRP in buffers of various [O,] are mixed with 1.76 mw DHM 
plus 24 ua Mn** in anaerobic buffer. The ordinates are the same as in A. In C, 
1.64 ua HRP in aerated buffer are mixed with 1.54 ma DHM plus various [H,0,] in 
anaerobic buffer. pH 4.0, 0.1 m acetate buffers, 4°. (Experiments 823, 824, and 
825.) 


dase activity is obtained with 50 um Mn** for the particular experimental 
conditions, a value which is 20 times the peroxidase activity, corresponding? 
? This value of k, corresponds to Qo, = 73,000 ul. per hour per mg. for 1 mm DHM 
at 0° and at the higher DHM concentrations used by Theorell and Swedin (5 mm) a 
value of Qo, = 370,000 would be expected. This gives an oxidase activity per metal 
atom of the same magnitude as that of ascorbic acid oxidase: the value of turnover 
number of the DHM oxidase is measured to be 400 sec.~' for 1 mm DHM at 0°, and 
Dawson (12) gives 683 sec.-' per Cu** atom for optimal conditions with ascorbic 
acid oxidase at room temperature. It has not been possible to reproduce the value 
of Qo, = 2,400,000 wl. per hour per mg. found earlier by Theorell and Swedin (1). 
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to ky = 4 X 10° mw X sec.-". Half maximal oxidase activity requires 
70 um O, for these conditions. H,O, in the absence of Mn** gives rise to 
some oxidase action, as shown in Fig. 3, C, but the rate is one-tenth the 
maximal rate with Mn** only (Fig. 3, A). At 4°, the free enzyme gives 
very little oxidase activity without H,O, addition, as shown by the ordinate 
intercept of Fig. 3, C. Thus the peroxidase-peroxide complex is a much 


05 60-200 
(uM) (uM) 


Fic. 4, A ano B. The effect of a reduction of the peroxide concentration caused 
by catalase or hydroquinone upon the oxidase activity of HRP. 1.4 uw HRP, 500 
uu DHM, 0.1 m acetate buffer, pH = 4.7, 25°. (Experiments 262c and 263c.) 


30 = 
at 


Fic. 4,C. The effect of cyanide upon the fast and slow phases of the disappear- 
ance of DHM. 1.64 ua HRP plus various [HCN] in aerated buffer are mixed with 
1.14 ma DHM plus 24 um Mn** in anaerobic buffer. The ordinates are defined in 
Fig. 3, A. At 170 wma HCN the fast reaction still has a rate of 1.2 um per second. 
pH 4.0, 0.1 m acetate buffer, 4°. (Experiment 822.) 


better oxidase catalyst than the free enzyme. The experiment of Fig. 3, A 
is imperfect in this respect; the oxidase rate with zero [Mn++] is usually 
about 3 per cent of that with optimal [Mn**}. 

Swedin and Theorell have already shown that H,O, is necessary for 
the oxidase activity by demonstrating catalase inhibition (1); our quanti- 
tative results are shown in Fig. 4, A. Similar inhibition should also be 
caused by addition of an electron donor in addition to DHM that would 
accelerate the reaction of Equation 2 and thereby reduce the peroxide 
concentration. Hydroquinone does just this, as shown by Fig. 4, B. 

Carbon monoxide causes no measurable inhibition of the oxidase activity 


[HCN](uM) 
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of the Mn*+-activated system (Experiment 784c), although cyanide in- 
hibits both the oxidase and peroxidatic reactions, as shown by Fig. 4, C. 
The cyanide inhibition of the latter reaction is expected (13); the inhibition 
of the former is in accord with our observation that the peroxidase-peroxide 
complex is a better catalyst than the free enzyme. A large excess of 
cyanide does not stop the Mn*+-activated reaction; at 170 um of cyanide 
10 per cent of the oxidase activity remains. 

In the Mn*+-free system, we can demonstrate some CO inhibition. The 
oxidase activity is so low under these conditions (1.3 mm of DHM, 4°, 
pH 4.0) that the rate of production of H,O, from the oxidase system is 


15° 
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5° 
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Fic. 5. The visible bands of the compounds formed by HRP, CeP, and LPO in the 
presence of H,O; and DHM. For HRP, 200 uw DHM, 5.1 um horseradish peroxidase, 
pH 4.7, 0.1 m acetate buffer. For CeP, 200 us DHM or 70 um H,O, plus 5.45 yum cyto- 
chrome c peroxidase, pH 4.7, 0.1 m acetate buffer. For LPO, 200 ux DHM or 140 
um H,O,, 3.2 um lactoperoxidase, pH 4.7, 0.1 m acetate buffer. Complex III for 
HRP is from Keilin and Hartree (15) (RS-3). 


accurately and sensitively measured directly from the rate of formation 
of the peroxidase complex. The half time of 30 seconds for the latter 
reaction is doubled in the presence of 75 per cent CO, presumably because 
CO-sensitive iron impurities are catalyzing the oxidase effect in the absence 
of (Experiment 783b). 

Nature of Peroxidase Complex Formed in Presence of DHM*—In the 
presence of low concentrations of peroxide and an electron donor, one 
would expect to find peroxidase in the form of Complex II (14). But 
Swedin and Theorell observed visually the absorption bands of Complex 
III and, in the presence of DHM only, we confirm their results in a quan- 
titative manner, as shown by Fig. 5, C, where there is illustrated a close 
correspondence of the visible absorption bands of Complex III formed from 


* These spectral data were obtained by Mr. T. M. Devlin by using a rapid record- 
ing spectrophotometer constructed by Dr. C. C. Yang. 
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a large excess of H,O, (see Keilin and Hartree (15)) or from DHM. The 
addition of DHM to LPO also gives the tertiary complex, but only the 
secondary complex is obtained in the case of CcP, for which no tertiary 
complex is known. 

Similar agreement is obtained in the region of the Soret bands of these 
three enzymes, and the experimental results are shown in Fig. 6. In the 
case of HRP the spectrum of Complex III formed from excess H,O: repre- 
sents a correction of the spectrum obtained earlier ((16) and unpublished 
data). 

In summary, DHM reacts with these peroxidases as does an excess of 
H,0.; somehow DHM causes the transition from Complex II to III to 


HP, Il 
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Fic. 6. The Soret bands of the compounds formed by HRP, CeP, and LPO in 
the presence of HO, and DHM. For LPO, 300 ux DHM or 200 um H,0, plus 0.32 
um lactoperoxidase, pH 4.7, 0.01 m acetate buffer. For CeP, 63 ua DHM or 2 um 
H,O, plus 0.85 um cytochrome c peroxidase, pH 5.5, 0.01 m PO,". For HRP, 300 um 
DHM plus 1.6 um horseradish peroxidase, pH 4.7, 0.1 mM acetate buffer (RS-2). (The 
Soret band of Complex III is from unpublished data of the author.) 


occur at much lower average concentrations of oxidase-generated peroxide 
than peroxide in solution, but the oxidase-generated peroxide may achieve 
a high local concentration at the hematin iron group of peroxidase. 

Since the identity of the complex formed in the presence of DHM is 
established as a secondary complex for CeP and a tertiary complex for 
LPO and HRP, and these complexes were not previously found to react 
with carbon monoxide, it is hard to explain how Theorell and Swedin 
could obtain ferroperoxidase-CO by bubbling CO through the solution 
of HRP and DHM. Our results for CeP, LPO, and HRP are given in 
Fig. 7, A, B, and (. In none of the experiments were we able to obtain 
the CO bands without the addition of hydrosulfite, as would be expected 
if the complexes formed from DHM are ferric peroxide complexes. With 
HRP and DHM an intensification of the spectrum is observed upon ad- 


120 LPO 
100 DHM 
CcP = 
80 
400 440 480 380 420 460 y 
A(my) 


586 OXIDASE AND PEROXIDASE REACTIONS 


dition of CO. This effect could have been mistaken for the formation of 
the CO compound by the earlier workers. 

Nature of Complex That Forms in Presence of DHM and Mn*+—Under 
our conditions for optimal oxidase activity, the characteristic band of 
Complex III is not observed at its full intensity, as shown by Traces B 
and C in Fig. 8: as the amount of Mn** approaches the optimal value, the 
height of the Soret band falls to that of Complex IT ((16) and unpublished 
data). The presence of Complex II under conditions similar to those for 
Trace C (Fig. 8) is verified by measurements in the visible region of the 
spectrum which show that the ratio Aésso m,/Aésss m, 18 0.8, compared to the 
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Fic. 7. The effect of carbon monoxide upon the compounds formed by HRP, CeP, 
and LPO in the presence of DHM, with and without the addition of hydrosulfite. 
The traces for the compounds formed with DHM are the same as in Fig. 6. The 
traces labeled +CO are after 2 to 5 minutes of bubbling with carbon monoxide, and 
the traces labeled +Na,S,0, are after the addition of about 0.1 mg. of hydrosulfite 
(RS-1). 


value of 1.7 for Complex III and 0.54 for Complex II (15). Thus Com- 
plex II predominates and Complex III may not be associated with maxi- 
mal oxidase activity. 

At small Mn** concentrations, the complete release of the enzyme from 
the complex may not occur when the oxygen concentration falls to zero. 
Trace D of Fig. 8 shows some complex still present several minutes after 
the oxygen is used up. At higher Mn++ concentrations, the free enzyme 
is recovered more rapidly after the oxidase activity is terminated. 

The primary peroxidase-peroxide complex is not observed under these 
experimental conditions and this is characteristic of peroxidase action in 
a coupled oxidation system: no Complex I is observed to precede the 
formation of Complex II when peroxide is continuously generated by nota- 
tin, glucose, and oxygen (personal communication from D. Keilin, and 
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unpublished experiments of author). The possibility that the Mn*+-ac- 
tivated catalyst involves only the peroxidase protein is eliminated by our 
failure to obtain any oxidase activity with a peroxidase that was split 

The indirect peroxidatic oxidation of Mn++ to Mnt***, as found by 
Kenten and Mann (17), proceeds at a negligible rate at the low Mnt+ 
used in these studies. 

Existence of Mn++ Complexes with DHM and HRP—There is reason to 
believe that complexes of Mn++ with DHM and HRP exist (1, 18), but 
we have obtained no measurable shift of the absorption bands of DHM 


J 


420 460 

Fic. 8. Spectra of the complex during rapid oxidase activity. Trace A, 0.5 um 
HRP in 0.1 m acetate buffer at 4°. Trace B, HRP plus 0.6 mu DHM and 6.7 um 
Mn**, and 67 um Mn** (Trace C). These traces were made as soon as a steady state 
was obtained. Trace D was taken 4 minutes after the termination of the steady 


state corresponding to Trace B (Experiment 846). 


or HRP upon addition of [Mn++] that gives maximal activation of the oxi- 
dase effect. 

Explanation of Reaction Kinetics—A reaction mechanism that exhibits 
the characteristics of the experimental data follows: 


A peroxidatic reaction is 
Ei + Si E,S,, + 8S: E, +P, 
(e: — pr) (x) (pr) (pm) (a) 
An oxidase reaction is 


(ez — pa) (y) (pa) (a) (z) 


E, = HRP, £,S; = Complex II, S; = H:O:, 8: = DHM, 8S; = Ons, 
E; = oxidase (Mn++-HRP-H,0;), £2S; = oxidase-oxygen complex. The 
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concentration of each reactant at any time is indicated by the letter 
directly underneath the terms of the chemical equations. We have as- 
sumed that the oxidase has the same concentration as the peroxidase, 
In the’ steady state, the oxygen disappears at a rate keape. The rate 
of disappearance of DHM, in the presence of oxygen, is the sum of two 
terms, keap, and k,ap,, corresponding to the fast portions of the records 
of Fig. 1, B, and Fig. 2. When the oxygen concentration is zero, p. = 0 
and the rate is slower and equal to k,ap;. The H,O2 concentration is the 


t t 
of — [ keapat. The velocity conten 


that we calculate above for the oxidase activity is ks. ks has not been 
measured but can be approximated from the value of oxygen concentra- 
tion that gives half maximal activity (~70 uM, see Fig. 3, B); 70 K 10-* = 
kea/ks = 10° 0.68 X 10-*/ks; ks > 10° X sec.—'. 


SUMMARY 


Under our particular experimental conditions, the following conclusions 
may be drawn. 

1. Under anaerobic conditions, HRP causes the peroxidatic oxidation 
of DHM;; the secondary peroxidase-peroxide complex reacts with DHM 
at a second order velocity constant of 2 XK 10‘ m™ X sec.—' at pH = 4 
and 4°, 

2. The aerobic oxidation of DHM by HRP can be made to occur in two 
phases, the first a rapid oxidase reaction producing H:,O:2, the second a 
peroxidatic reaction similar to that of (1) above. The second order ve- 
locity constant for the oxidase effect is about 4 X 10° m— X sec.—' at pH 
4.0 and 4°. 

3. The catalyst for the oxidase reaction appears to be a Mnt*+-activated 
peroxidase-peroxide complex; much smaller activities are obtained with 
the peroxide complex alone or with the Mn*+-activated, cyanide-inhibited 
HRP. 

4. In view of the large Mn++ content of some plants, the reaction studied 
here is more likely to occur under physiological conditions than that studied 
by Swedin and Theorell (1, 19) in the absence of Mnt*. 

5. A study of the spectra of the peroxidase complexes formed from H;0: 
and DHM alone shows their great similarity and Complex III is formed 
with HRP and LPO. No conversion of these complexes to the ferro- 
peroxidase-CO compound could be obtained without the addition of hy- 
drosulfite. In the presence of Mn++, DHM, and oxygen, the compound 
formed is mainly Complex II. This DHM oxidase activity of HRP 
involves no valence states of iron not found in ordinary peroxidatic re- 
actions. 
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THE UTILIZATION OF PURINE NUCLEOSIDES FOR 
NUCLEIC ACID SYNTHESIS IN THE RAT* 


By BERTRAM A. LOWY, JOHN DAVOLL,t anv GEORGE BOSWORTH BROWN 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, New York, 
New York) 


(Received for publication, January 22, 1952) 


The recent development in this laboratory (1, 2) of a method convenient 
for the synthesis of various isotopically labeled purine nucleosides has per- 
mitted an investigation of the possible réle of these compounds as nucleic 
acid precursors in the rat. Previous studies have shown that, while aden- 
ine may be utilized for the formation of polynucleotide adenine and guanine 
(3), guanine is utilized to but a very slight extent (4). Among the other 
purines studied, only 2 ,6-diaminopurine serves as a nucleic acid precursor 
(of polynucleotide guanine) (5). Neither hypoxanthine (6), xanthine (6), 
uric acid (7), isoguanine (8), nor 2-thioladenine' appears capable of serving 
as @ precursor in the biosynthesis of nucleic acids in the rat. 

Recently, Hammarsten and his group have shown that the metabolism 
of the pyrimidine ribonucleosides (9) and desoxyribonucleosides (10) differs 
markedly from the metabolism of the free bases. Thus, although neither 
cytosine (11) nor uracil (12) serves as a precursor of nucleic acid pyrimi- 
dines in the rat, cytidine and uridine as well as desoxycytidine and thymi- 
dine were found to be utilized. Following this implication, Hammarsten 
and Reichard have studied the metabolism of N'*-guanosine (13) and re- 
ported that no significant amount of N'* was found in the polynucleo- 
tides of the rat after administration of this compound. Similarly, N"- 
desoxyinosine (10) was not utilized for biosynthesis of polynucleotide 
purines. 

We have now investigated the fate, in rats, of five purine ribonucleosides 
labeled with C™ in the purine ring; namely, adenosine, i inosine, 2 ,6-diami- 
no-9-8-p-ribofuranosylpurine (DAPriboside), guanosine, and 9-8-p-ribofu- 
ranosylisoguanine (crotonoside). 


* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, from the Atomic 
Energy Commission, contract No. AT(30-1)-910, and from the Nutrition Founda- 
tion, Inc. 

t Fellow of the National Cancer Institute, United States Public Health Service. 

' Lowy, B. A., and Cavalieri, L. F., unpublished data. The N* of orally adminis- 
tered 2-thioladenine (1,3-diN'*) was not detected in tissue nucleic acids or in the 
urine, but some N'* was found in the feces. 
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EXPERIMENTAL 


Each compound administered was characterized by the ratios of the op- 
tical density at several wave-lengths. Each compound also exhibited a 
single spot on a paper chromatogram. 

Adenosine—Adenine-8-C" (14) was converted to adenosine (1). 

Inosine—Adenosine-8-C“ was deaminated to inosine by a modification 
of the method of Levene and Tipson (15). Sodium nitrite and acetic acid 
were used; the product was purified via its lead salt and finally recrystal- 
lized from 80 per cent alcohol. The optical density ratio at 250 and 260 
my of 1.64 agreed with the 1.67 expected, while 25 per cent contamination 
with adenosine, which would be necessary to account for the incorporation 
observed, would lead to an optical density ratio of 1.34. Thus, adenosine 
contamination of the injected inosine could not exceed about 3 per cent. 

2 (DA Priboside)—2 ,6-Diaminopu- 
rine-2-C (16, 17) was converted to its riboside (1). 

Guanosine—Guanosine-2-C" was prepared from 2-acetamido-6-amino-9- 
8-p-ribofuranosylpurine-2-C (1). The optical density ratio at 252.5 and 
280 my of 1.71 agreed with the 1.69 expected, while 25 per cent contamina- 
tion with DAPriboside would lead to an optical density ratio of 1.50. 

9-8-b-Ribofuranosylisoguanine (Crotonoside)—Crotonoside-2-C™ was pre- 
pared from radioactive 2,6-diamino-9-8-p-ribofuranosylpurine (2). The 
optical density ratio at 247 and 293 my of 0.80 agreed with the 0.82 ex- 
pected. A 25 per cent contamination with DAPriboside would lead to 

0.90. 

Intraperitoneal Injections of Radioactive N ucleosides—The individual nu- 
cleosides in aqueous solutions (0.2 mm per kilo of body weight per day) 
were injected intraperitoneally during ether anesthesia at 24 hour intervals 
for a period of 3 days to groups of three adult Sherman strain (Rockland 
Farms) male rats, ranging in weight from 250 to 350 gm. each. The ani- 
mals were fed their accustomed diet of Purina animal chow, which was 
ground and moistened to diminish scattering. The urine was collected 
under toluene and combined with daily cage washings. About 21 hours 
after the last injection, the animals were sacrificed by injection of 2.5 ml. 
of a 25 per cent urethane solution, followed shortly by one or more injec- 
tions of 2.5 ml. of a 25 per cent MgSO, solution. The various organs (liver, 
spleen, lungs, kidneys, testes, and washed small intestines) were pooled and 
frozen in dry ice-alcohol. Hind leg and back muscles were also removed 
and frozen. 

Isolation of Nucleic Acids—The pooled internal organs were homogen- 
ized, dried, and extracted with a hot 10 per cent NaCl solution as previously 
described (3). About 120 mg. of crude sodium nucleic acids were hydro- 
lyzed, as in the method of Schmidt and Thannhauser (18), with 2.0 ml. of 
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x NaOH at room temperature for 24 hours. The resultant solution of ribo- 
nucleotides and desoxypentose nucleic acid (DNA) was diluted to 10 ml. 
and adjusted to pH 2 with dilute HCl. 1 volume of ethanol was added 
and the mixture cooled. The gummy precipitate of crude DNA was sep- 
arated by centrifugation. The supernatant was adjusted to pH 6 to 7 
with dilute NaOH and diluted to about 200 ml. The optical density of a 
1:10 dilution (in 0.01 n HCl) of this solution was determined at 250, 260, 
280, and 290 mu. 

Separation of Pentose Nucleic Acid (PNA) Nucleotides (19, 20)—The 
PNA nucleotides were removed from the solution at pH 6 to 7 by passing 
the latter through a column (6 cm. X 1.4 sq. cm.) containing acid- and 
water-washed Dowex 1 (chloride). Successive elution with 0.002 n, 0.003 
x, and 0.005 n HCl resulted in the removal of cytidylic acid and adenylic 
acids a and b, uridylic acid, and guanylic acids a and b, in that order. Ra- 
tios of the optical densities at 250, 260, 280, and 290 my were used for the 
identification of the nucleotides, and ey values at 260 my of 6.8, 13.9, 
10.0, and 11.8 X 10*, respectively, for the quantitative estimation of each 
fraction. In the case of the guanylic acids 1.0 n HCl was added to bring 
the HCl concentration to 0.01 n. Several aliquots of each of the various 
fractions were evaporated to infinitely thin films on 10 sq. cm. aluminum 
planchets. The activities were determined with an internal Geiger-Miiller 
flow counter, mark 12, model 1, helium-isobutane gas. The significant 
fractions were counted for a sufficient length of time to assure a 3 to 5 per 
cent standard error. 

DNA—The crude DNA precipitate, after being washed with 0.01 n HCl, 
ethanol, and ether and air-dried, was hydrolyzed to the free bases with hot 
72 per cent HCIO, (21). The combined silver salts of the purines and py- 
rimidines were precipitated from ammoniacal solution and converted to 
their hydrochlorides. Aliquots of the mixed hydrochlorides were dried as 
infinitely thin films on aluminum planchets and counted. The values, cal- 
culated for the approximate activity of the mixed purines obtained from 
weighed amounts of DNA, are given in Table I. 

Allantoin—Allantoin was isolated from the pooled urines of each group 
of rats (3). In the studies with inosine, DAPriboside, and guanosine, a 
second isolation was carried out after the addition of a known quantity of 
unlabeled allantoin to an aliquot of the urine. By this isotope dilution 
method (22), the total allantoin excretion was calculated to be 585, 362, 
and 529 mg. (equivalent to 590, 400, and 700 mg. per kilo) for the inosine, 
DAPriboside, and guanosine experiments, respectively. Based on these 
values, the percentage of the total radioactivity excreted as allantoin is 
given in Table I. 

Urea—Samples of urea were isolated as the dixanthydrol derivative (3), 
and ethanolic solutions (about 0.75 mg.) were plated for counting. 
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Adenosinetriphosphate (ATP)—The barium salt of ATP was isolated 
from frozen muscle obtained from the adenosine and inosine experiments, 
according to the procedure of LePage (23), and the radioactivity of small 
weighed samples was determined. Some of the barium salt was also con- 
verted to a solution of the sodium salt, the radioactivity of which was 


Tasiz I 
Incorporation of Radioactive Nucleosides by the Rat 
Intraperitoneal injection at 0.2 mm per kilo of body weight per day for 3 days. 


Products isolated 2.03 X 10 2.15 X 10° 
C.p.m. per C.p.m. per wM | C.p.m. per mM | C.p.m. per 
RSA |“ger'| RSA |per'| RSA |“per'| RSA 
pM uM 
PNA 
Cytidylic acid 0.00 3} 0.01 0.00 0.00 
Adenylic “ a 0.71 7} 0.03 0.01 | 14) 0.08 
= 0.63 | 11) 0.05 0.01 4) 0.02 
Uridylic “ 0.02 4) 0.02 0.00 1; 0.01 
Guanylic “ a 0.27 | 242) 1.2 0.28 | 57) 0.34 
“ § 0.28 | 254) 1.2 0.25 | 41) 0.25 
DNA,t mixed purines (0.07); 14)(0.07) 0.03))  5)(0.02) 
Adenine from cold TCA 0.15 7| 0.03 0.01 | 15) 0.09 
extract (muscle) 
ATP (muscle) 0.15 
Urea 0.04 9} 0.04 .02 3} 0.02 
Allantoin 5.3 |1860/ 9.1 |1 |1460! 8.7 
Total excreted as allan- t t t 
toin 
*RSA =< c.p.m. per uM isolated compound x 100. 


¢.p.m. per uM injected compound 
t Average activity of the purines, from the first acid precipitation of total DNA, 
calculated from the activity of the mixed purines and pyrimidines, assuming no 
pyrimidine activity. Probable contamination with PNA, up to 5 per cent (35). 
t Per cent of total dose excreted as allantoin, based upon isotope dilution de- 
termination of total allantoin. 


determined and the concentration calculated on the basis of a molar ex- 
tinction coefficient of 14,200 in 0.01 n HCl at 260 my (24). The radio- 
activities determined by both methods were identical. 

Cold 10 Per Cent Trichloroacetic Acid-Extractable Purines—Frozen muscle 
was extracted with cold 10 per cent trichloroacetic acid (TCA), and copper 
purines were prepared by the method of Hitchings (25). The purine hy- 
drochlorides derived from the copper purines were dissolved in a small 
amount of water and made alkaline (pH 8) to precipitate any guanine pres- 
ent, but no precipitate identifiable as guanine was obtained. Adenine pic- 
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rate was prepared from this solution and was recrystallized from 25 per 
cent acetic acid. The picrate was decomposed with Dowex 1 (chloride) (1), 
the adenine was characterized by its absorption spectrum, and aliquots 
were evaporated on planchets. 

Dioryadenine—Two groups of three rats each received intraperitoneally 
a single injection of a mixture of C-adenosine (at 0.2 mm _per kilo of body 
weight) and unlabeled adenine (200 mg. per kilo) prepared as a 2.5 per cent 
solution in 0.4 Nn lactic acid, or a mixture of C“-inosine and unlabeled aden- 
ine at the same molar level. The animals were sacrificed by exsanguina- 
tion about 20 hours later. In each case the kidneys appeared brown in 
color and were stippled. Dioxyadenine (8) was isolated and was reprecipi- 
tated several times to constant radioactivity. The ultraviolet absorption 
spectrum was that of 2,8-dioxyadenine and homogeneity was established 
by paper chromatography (8). 

The dioxyadenine isolated from the animals injected with adenosine and 
adenine had an activity of 20 counts per micromole per minute. If the 
injected 38 mg. of adenosine (micromolar activity of 1.55 < 10‘ counts) 
were converted to adenine and were uniformly diluted with the 139 mg. of 
unlabeled adenine and about 20 mg. of “body pool” adenine (8), 10.8 per 
cent of the dioxyadenine could have arisen from the injected adenosine. 
However, based upon the radioactivity of the isolated dioxyadenine, only 
0.13 per cent of the adenosine was converted to dioxyadenine. This repre- 
sents 1.2 per cent of the theoretically possible conversion. 

Similarly, the dioxyadenine isolated from the animals injected with ino- 
sine and adenine had an activity of 2.0 counts per micromole. The in- 
jected 37 mg. of inosine (micromolar activity 2.12 xX 10‘ counts) were 
mixed with 137 mg. of unlabeled adenine and about 20 mg. of body pool 
adenine, and thus 10.6 per cent of the dioxyadenine could have arisen from 
the injected inosine. However, based upon the activity of the dioxyade- 
nine, only 0.01 per cent of the inosine was converted to dioxyadenine. 
This represents only 0.1 per cent of the theoretically possible conversion. 


RESULTS AND DISCUSSION 


From the results, summarized in Table I, it may be seen that adenosine 
was utilized for the synthesis of polynucleotide adenine and guanine, and 
that it was incorporated chiefly into the pentose nucleic acids. It was 
appreciably less effective than was the free base adenine, since previous 
studies with adenine have resulted in renewals of 4.0 (26), 5.4 (3), and 12.8 
per cent (26) in polynucleotide adenine and 1.3, 3.2, and 5.2 per cent in 
polynucleotide guanine when equimolar levels were administered under 
comparable conditions. Adenylic acid, a mixture of the N"*-labeled a and 
b isomers, when administered at twice this level was incorporated into PNA 
adenine and guanine to the extent of 3.8 and 1.3 per cent respectively (27) 
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and thus was also a less effective precursor than adenine. A more detailed 
comparison of the relative utilization of adenosine and the adenylic acids 
must await completion of studies on the individual nucleotides. 

Similarly DAPriboside, which was incorporated almost exclusively into 
polynucleotide guanine, served less effectively in this réle than did free 
diaminopurine, the incorporation of which has been reported as 4.0 per cent 
(with N'®-DAP) and 1.5 per cent (with C"-DAP) into nucleic acid guanine 
(28). A slight trace of activity was also found in the polynucleotide aden- 
ine after DAPriboside administration. 

Our results with radioactive guanosine are essentially in agreement with 
those of Hammarsten and Reichard (13) who found that guanosine labeled 
with N' was not an effective precursor of polynucleotide purines. How- 
ever, our data indicate that there was a slight but definite incorporation 
into the guanylic acids isolated. It is of interest to recall that the original 
studies with N'*-guanine (12, 3) indicated no incorporation into nucleic 
acid guanine, while more recent work with C-guanine (4) revealed an in- 
corporation to the extent of 0.1 per cent. With the N'-guanine this 1000- 
fold dilution was masked by the contribution of the labeled amino group 
via body pool ammonia, and this may well apply to the experiment of Ham- 
marsten and Reichard with N'-guanosine. In contrast to the fate of gua- 
nine and guanosine, N'*-guanylic acid has recently been shown to be an 
effective PNA guanine precursor, since it was utilized to the extent of 2.2 
per cent (27) after injection at the level of 0.4 mm per kilo of body weight 
per day. 

A slight extent of conversion of crotonoside into the guanylic acids of 
PNA was also observed. No experimentally significant incorporation had 
been observed with N"-isoguanine in the rat (8), but, in view of this utili- 
zation of C*-crotonoside and the observations of Friedman and Gots (29), 
Davis and Bendich,? and Guthrie’ regarding the réles of isoguanine in bac- 
terial metabolism, it would appear that isoguanine and its derivatives can- 
not be denied a possible réle in nucleic acid metabolism. The trace of 
activity in the adenylic acids was so small that the apparent difference 
between the two isomers is not significant. 

It should be emphasized that the labeled products isolated from the PNA 
hydrolysis were the individual nucleotides eluted from an ion exchange 
column. Any nucleoside contaminants should have been eluted prior to 
the first nucleotide fraction (cytidylic acid). Thus, the radioactive gua- 
nylic acids isolated in the guanosine and crotonoside experiments must 
represent true metabolic products. The possibility that a phosphate deriv- 
ative of crotonoside appeared in the guanylic acid fraction seems unlikely 

? Davis, B., and Bendich, A., unpublished results. 

3 Guthrie, R., unpublished results. 
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in view of the optical density ratios at the various wave-lengths, but can- 
not be excluded at this time. 

In contrast to N'*-hypoxanthine, which did not serve as a nucleic acid 
precursor (6) (utilization was about 0.05 per cent at doses of 0.2 mM per 
kilo of body weight per day, or about 1 per cent of the utilization of aden- 
ine at the same level), radioactive inosine was found to be utilized to a con- 
siderable extent (about 30 per cent of that found for adenosine). Hydrol- 
ysis to free hypoxanthine followed by its incorporation could not explain 
this result because hypoxanthine is not utilized. This is significant, since 
Kalckar’s nucleoside phosphorylase is specific for inosine and guanosine 
(30), and may be indicative of a somewhat limited action in vivo of nucle- 
osidases, in general, on inosine. Alternatively inosine may be rapidly con- 
verted into a metabolite resistant to nucleoside phosphorylase action, and 
from the isotope dilutions encountered this could conceivably be adenosine 
or adenylic acid. 

An attempt was made to ascertain whether the utilization of adenosine 
and inosine took place via adenine through hydrolysis or amination and 
hydrolysis, respectively. This was tested by administering each of these 
C* nucleosides together with a large dose of unlabeled adenine. The 2,8- 
dioxyadenine deposited in the kidneys as a result of the large dose of aden- 
ine was isolated and purified (8) and showed but slight radioactivity. It 
was calculated that not more than 1.2 per cent of the adenosine from the 
adenosine-adenine mixture appeared as dioxyadenine. Thus, cleavage of 
adenosine to adenine could account for only a small portion of the incor- 
poration of adenosine into nucleic acid purines. The possibility must be 
allowed that, in the experiment leading to dioxyadenine, the large quantity 
of adenine present inhibited a cleavage of adenosine that might otherwise 
have occurred when adenosine was administered alone. An even smaller 
conversion was obtained with the inosine-adenine mixture, in which only 
0.1 per cent of the inosine reached the dioxyadenine. These experiments, 
therefore, do not favor an incorporation via free adenine. 

Recent pharmacological studies provide some suggestions regarding the 
metabolism of several of the purine nucleosides. Blood pressure studies 
with adenosine in cats (31) show an initial sharp drop in pressure, followed 
by a rapid return to normal, and it has been suggested that this prompt 
recovery may be due to the rapid enzymatic deamination of adenosine by 
deaminases which are widely distributed in the tissues. If adenosine is 
rapidly deaminated to inosine in the tissues, it would appear that adeno- 
sine would have to be incorporated quite rapidly into the polynucleotide 
structure, or at least rapidly converted into an adenosine deaminase-resist- 
ant compound, since it is a more effective precursor than inosine. Simi- 
larly, it is of interest to note that DAPriboside is susceptible to crude ade- 
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nosine deaminase preparations, although the rate of deamination is about 
one-half of that for adenosine.‘ If guanosine is one of the products of this 
action, it would appear that the metabolism of DAPriboside must also be 
rapid, since guanosine is not an effective precursor. Adequate correlation 
of these data with the general picture of purine utilization cannot be made 
until more is known about the relative persistence of these compounds in 
the tissues. 

A study of muscle from the rats injected with adenosine indicates that 
this nucleoside was incorporated to a small but significant extent into mus- 
cle ATP. It was also found that the cold 10 per cent TCA-extractable 
adenine derived from muscle had over 2.5 times the molar activity of the 
ATP. Since it appears unlikely that any of the injected adenosine was 
still present as such after more than 20 hours, this greater activity must 
be attributed to adenine derivatives other than ATP. Among the possi- 
bilities which might be considered would be the adenine dinucleotide de- 
scribed by Kiessling and Meyerhof (32) and Ohlmeyer (33). That postu- 
lated structure, consisting of 1 mole of ATP attached to 1 mole of adeno- 
sine-5’-phosphate (AMP) by an ester linkage, could be formed by combina- 
tion of AMP and ATP, or from adenosine, phosphate, and ATP. If the 
smaller moiety had a more rapid renewal rate than the ATP moiety, it 
could explain the greater activity in the total cold TCA-extractable ade- 
nine. With inosine, the small renewal of the ATP and the total cold TCA- 
extractable purines were found to be identical. 

The ratio of the conversion of inosine into polynucleotide adenine and 
guanine is of the order found for adenosine, which in turn is similar to those 
for adenine and adenylic acid. It seems possible that each of these is con- 
verted into some one of a sequence of intermediates comprising a single 
pathway which can lead to polynucleotide purines. An extension of these 
studies with nucleosides labeled in both purine and ribose moieties would 
be necessary for conclusive evidence concerning the mechanism of utiliza- 
tion of these compounds. This is especially true in view of the work of 
MacNutt (34) which showed that exchange may occur between free pu- 
rines or pyrimidines and the aglycones of various desoxyribosides. 

The authors wish to thank Dr. M. Earl Balis for the sample of adenine- 
8-C", Grace Clements for the paper chromatograms, and Roscoe C. Funk, 
Jr., for analytical assistance. 

SUMMARY 


The rdéle of C“-labeled adenosine, inosine, 2 ,6-diamino-9-8-p-ribofurano- 
sylpurine, guanosine, and crotonoside as possible nucleic acid precursors 
has been investigated in the rat. 

‘Clarke, D. A., Davoll, J., Philips, F. S., and Brown, G. B., in preparation. 


PRES HEF? R 


B. A. LOWY, J. DAVOLL, AND G. B. BROWN 599 


Adenosine was incorporated into both polynucleotide adenine and gua- 
nine. The riboside of 2,6-diaminopurine appeared almost exclusively in 
polynucleotide guanine. Neither of these nucleosides was utilized as effec- 
tively as its parent purine. Inosine, unlike hypoxanthine, served as a pre- 
cursor of polynucleotide adenine and guanine, but to a somewhat smaller 
extent than did adenosine. Slight amounts of both guanosine and crotono- 
side were incorporated into the polynucleotide guanine. 

The failure of adenosine and inosine to lead to appreciable labeling of 
the 2 ,8-dioxyadenine, when administered with large quantities of adenine, 
suggests that these nucleosides were not incorporated via free adenine. 

Both adenosine and inosine have been shown to be incorporated into 
muscle ATP to but a small extent. 
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The occurrence of L-a-glycerylphosphorylcholine (GPC) in autolyzed 
beef pancreas was demonstrated in 1945 by Schmidt, Hershman, and 
Thannhauser (1), and was correlated with the enzymatic degradation of 
lecithin in this organ. Baer and Kates (2) synthesized L-a-glycerylphos- 
phorylcholine and established its identity with the substance found in 
pancreas. It was of interest to learn whether GPC was a specific metabo- 
lite of pancreas or whether it had a more general réle as an intermediary 
of the metabolism of phospholipides in higher animals. In view of the 
latter possibility, it was desirable to obtain information concerning the 
presence of GPC in organs other than pancreas, particularly in organs 
such as liver and small intestine which were known to have high turnover 
rates of phospholipides. 

In the present paper, a procedure for the quantitative determination 
of GPC in animal tissues will be described. Observations concerning the 
concentrations of GPC in some fresh and autolyzed tissues of several 
mammalian species will be reported. 


Analytical Methods 


Determination of Phospholipides—In the samples of fresh intestinal mu- 
cosa, the phospholipides were extracted with 20 volumes of an alcohol- 
ether mixture (75:25); the alcohol-ether extract was brought to dryness 
under reduced pressure at 50° bath temperature and reextracted with 
warm petroleum ether. The amount of the total P of the petroleum ether 
extract represented the lipide phosphorus. 

For the incubated samples, a modified technique was applied because 
it was found in recovery experiments with added pure lecithin (prepared 
from egg yolk according to Levene and Rolf (3)) that the large amounts 
of petroleum ether-insoluble material (soaps, peptones) formed during the 
autolysis interfered with the complete extraction of the phospholipides 

* This study was aided by grants from the American Cancer Society, United 
States Public Health Service, the Rockefeller Foundation, the Godfrey H. Hyams 


Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 
t French exchange visitor; Smith-Mundt Foundation. 
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from the dried alcohol-ether extract with petroleum ether. The following 
technique gave good recoveries of the phospholipides with incubated tissues. 
The alcohol-ether extract was concentrated under reduced pressure to 
approximately 20 cc., and precipitated at room temperature by the ad- 
dition of 3 to 4 volumes of ether. The precipitate which contained most 
of the interfering non-lipide material was filtered off and washed with an 
ether-alcohol mixture 4:1 (by volume). The combined filtrate and wash- 
ings were brought to dryness under reduced pressure. The dry residue 
was then extracted with petroleum ether and analyzed for total phosphorus. 


Determination of Phospholipides in Presence of Glycerylphosphorylcholine 

Since GPC is easily extracted from moist tissues by alcohol or by an 
alcohol-ether mixture containing 75 volumes of alcohol and 25 volumes of 
ether, a contamination of phospholipide extracts with GPC appeared pos- 
sible, even after the reextraction of the lipides with petroleum ether, in 
which pure GPC is insoluble. In the present investigation this possibility 
was avoided by extracting the frozen ground tissues exhaustively with 
water prior to extraction of the lipides. The water extracts removed all 
GPC from the liver tissue. It was found that the GPC content of the 
combined aqueous extracts after five washings of the tissues with 5 volumes 
of ice-cold water each time agreed closely with the GPC content of ex- 
tracts obtained with 7 per cent trichlordéacetic acid. The water extracts 
were practically free of phospholipides. Furthermore, the sum of the 
amounts of GPC and of that of the lipide choline agreed closely with the 
amounts of the total choline which were found in Bloor extracts prepared 
without preliminary washing with water, and without subsequent reex- 
traction with petroleum ether. 


Quantitative Partition of Water-Soluble Choline Fractions of Tissues into 
Preformed Choline Fraction' and GPC 


Principle—Choline forms a characteristic reineckate (4) which is practi- 
cally insoluble in aqueous solutions of Reinecke salt, whereas GPC or 
phosphorylcholine does not form an insoluble compound with Reinecke 
salt in aqueous solutions (1). GPC is quantitatively hydrolyzed to choline 
and glycerophosphoric acid within 20 minutes by n hydrochloric acid at 
100°. Phosphorylcholine (5-7) is hydrolyzed to a negligible extent under 
these conditions. Thus the difference between the amounts of choline 
reineckate obtained before and after hydrolysis of aqueous tissue extracts 
represents the amount of choline originating from glycerylphosphoryl- 

1 The choline values calculated from the extinction of the reineckates obtained 


-before acid hydrolysis are referred to as the ‘‘preformed choline fraction”’ (see dis- 
cussion, first section). 
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choline if other easily hydrolyzable choline compounds are absent. This 
conclusion was supported by the observation that maximal yields of choline 
during the hydrolysis of protein-free tissue filtrates were obtained after 20 
minutes, even when the hydrolysis time was extended to 2 hours. 

The application of this principle to the determination of the water- 
soluble choline compounds in tissues requires a preliminary purification 
of the protein filtrates, owing to the presence of non-choline substances 
which form precipitates with Reinecke salt. These contaminations can 
be removed by mercuric acetate without loss of the choline compounds. 

Procedure—10 to 20 gm. of minced tissue were deproteinized by addition 
of 40 cc. of a solution of 10 per cent ice-cold trichloroacetic acid. A large 
aliquot of the filtrate was pipetted into a centrifuge tube and brought to 
pH 5 to 6 by adding a measured amount of 25 per cent solution of sodium 
hydroxide from a burette. A measured amount (usually 0.2 volume) of 
a 20 per cent solution of mercuric acetate was added to the neutralized 
protein filtrate. The precipitate was centrifuged, and a large part of the 
supernatant was freed from mercuric ions by hydrogen sulfide and from 
hydrogen sulfide by aeration under cooling in ice water. 

Two equal aliquots of the filtrate were pipetted into test-tubes. To the 
first aliquot (Sample A), which served for the determination of the pre- 
formed choline fraction,' 0.5 volume of a saturated aqueous solution of 
ammonium reineckate was added. When a measurable amount of this 
fraction was present, the characteristic glittering plates of the reineckates 
appeared within a few minutes. After standing half an hour at room 
temperature, the crystallization was complete, and the filtration (see below) 
was carried out without further delay for the purpose of avoiding any 
possible liberation of choline from the GPC of the mixture. 

The second aliquot (Sample B) was mixed with 0.1 volume of 10 n hy- 
drochloric acid and heated in a boiling water bath for 20 minutes. The 
hydrolysate was cooled to room temperature and neutralized to the turning 
point of phenolphthalein by the addition of a 33 per cent solution of sodium 
hydroxide (ammonia could not be used) and then acidified with a few drops 
of glacial acetic acid. The solution was cooled to room temperature, and 
0.5 volume of a saturated aqueous solution of ammonium reineckate was 
added. After 30 minutes standing, the crystals of choline reineckate were 
filtered on a fritted glass funnel (Pyrex, porosity F, 15 cc. capacity). 
The transfer of the crystals was completed by rinsing with a few cc. of a 
0.2 saturated solution of ammonium reineckate. The crystals were washed 
with 2 cc. portions of an ice-cold saturated solution of choline reineckate 
in water. The filter with the washed crystals was placed over a test-tube 
in a suction flask. Before reducing the pressure, approximately 2 cc. of 
acetone were pipetted on the filter. The crystals dissolved rapidly on 
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gentle stirring with a thin glass rod. The solution was filtered under a 
pressure of not more than 300 mm. of Hg in order to avoid sudden boiling 
of the filtered acetone solution. The filter was washed with small portions 
of acetone until the filtrate was colorless. The pink solution of choline 
reineckate was made up to a volume of 5 or 10 cc. and its extinction was 
determined in a photoelectric colorimeter at a wave-length of 531 mu. 

In exceptional cases, the addition of ammonium reineckate to the un- 
hydrolyzed sample resulted in the formation of a partially or totally amor- 
phous precipitate owing to the incomplete removal of interfering contami- 
nations by the mercuric acetate treatment. The acetone solution of such 
precipitates was concentrated in a wide test-tube in a water bath to ap- 
proximately 0.5 cc. and mixed with 10 cc. of an aqueous saturated solution 
of ammonium reineckate. Choline reineckate crystallized immediately and 
quantitatively according to recovery experiments with addition of known 
amounts of choline. The colorimetric determination of the choline rei- 
neckate was completed as described above. 

The amount of choline in Sample A represented that of the preformed 
choline fraction, the difference (B— A) that of the choline bound as glyceryl- 


phosphorylcholine. 
Evidence Supporting Validity of Procedure 


Recovery Experiments—Known amounts of choline chloride and of GPC? 
(corresponding to 1 to 3 mg. of choline) were added to suspensions of minced 
rat liver and rat intestines (containing 5.0 gm. of wet tissue). The re- 
coveries of the added substances were quantitative within the limits of 
error of the method (+5 per cent). 

Identification of Crystallized Reineckate Obtained from Hydrolyzed Lamb 
Liver Extracts As Choline Reineckate—The reineckate was prepared accord- 
ing to the procedure described from the hydrolysate of the protein filtrate 
obtained from 1 pound of lamb liver and transformed into the gold salt 
according to a slight modification of the procedure of Kapfhammer and 
Bischoff (8). After three recrystallizations and drying in vacuo at 100° 
over phosphorus pentoxide, it had the following properties: m.p. 264°, 
N 3.21 per cent (calculated for CsHi, NOAuCl, 3.16 per cent (5)). 

Evidence Demonstrating Formation of Glycerophosphate during Hydrolysis 
of Labile Choline Ester Fraction of Lamb Liver—1 pound of lamb liver was 
ground and deproteinized by the addition of 400 ec. of a 4 per cent solution 
of hydrochloric acid and 400 cc. of a saturated solution of mercuric chloride. 
The filtrate obtained after the removal of the mercuric ions with hydrogen 

? The authors are greatly indebted to Dr. E. Baer for a generous sample of the 


cadmium chloride compound of synthetic L-a-glycerylphosphorylcholine which was 
used in the recovery experiments. 
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sulfide was neutralized with powdered solid lead oxide to pH 7, and the 
filtrate was shaken with solid silver oxide until the chloride was completely 
removed. The reaction of the mixture was kept neutral throughout the 
removal of the chloride by the dropwise addition of glacial acetic acid. 
The clear, colorless filtrate was concentrated to 70 cc. under reduced pres- 
sure. The concentrate contained 75 mg. of free and 135 mg. of bound acid- 
labile choline. The organic phosphorus of the total concentrate amounted 
to 62 mg.; no inorganic phosphate was present. 

At this stage it was intended to remove free glycerophosphates if present 
by enzymatic cleavage with prostatic phosphatase, which has no hydro- 
lyzing effect on GPC. For the purpose of orientation, an aliquot of 3 cc. 
of the concentrate was digested with 300 units of prostate phosphatase (9) 
in a total volume of 12 cc. containing 5 cc. of a 0.1 N acetate buffer of pH 
5.3. Only 0.08 mg. of inorganic phosphorus was formed (corresponding 
to 1.03 mg. of P in the total digest). Since a-glycerophosphate as well 
as B-glycerophosphate was completely hydrolyzed under these conditions, 
maximally 1.6 per cent of the total phosphate of the concentrate could have 
been present in the form of glycerophosphate. It was, therefore, decided 
to omit the enzymatic destruction of the free glycerophosphate prior to 
the hydrolysis of the bound glycerophosphate. The remaining concen- 
trate was heated in a boiling water bath for 30 minutes with 6 gm. of barium 
hydroxide. After cooling, the hydrolysate was precipitated by the addition 
of 200 cc. of alcohol. The precipitate was washed three times with alcohol, 
dissolved in 300 cc. of water, and the solution was stirred with 50 gm. of 
Amberlite IR-100-H for removal of the cations. The solution was con- 
centrated under reduced pressure to a volume of approximately 15 cc., 
neutralized with a cold saturated solution of barium hydroxide to pH 10, 
and precipitated with 3 volumes of alcohol. The precipitate was centri- 
fuged, washed with alcohol, and dissolved in 15 cc. of water; after cen- 
trifugation the solution was concentrated under reduced pressure to a 
volume of 5 cc. and precipitated by the addition of a small excess of a 25 
per cent solution of neutral lead acetate. The washed lead precipitate 
was decomposed by hydrogen sulfide and the aerated filtrate of the lead 
sulfide was analyzed for total phosphorus according to the method of 
Fiske and Subbarow (10) and for glycerol according to the method of 
Blix (11). Total P of the filtrate, 24.5 mg.; glycerol of the filtrate, 63.9, 
62.5 mg.; glycerol to P ratio, 0.85. The filtrate was concentrated to 10 
cc. and reprecipitated with lead acetate, and the precipitate was decom- 
posed as described above. Total P of the filtrate, 7.75 mg.; glycerol of 
the filtrate, 20.8 mg.; glycerol to P ratio, 0.9. Control determinations on 
sodium glycerophosphate, total P, 11.4 mg.; glycerol, 33.8 mg.; glycerol 
to P ratio, 1.0. 
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Amounts of Glycerylphosphorylcholine and of Preformed Choline Fraction 
in Some Animal Tissues 
In Table I, the concentrations of GPC and those of free choline in 
samples of some animal organs are reported. The values obtained with 
some tissues of the digestive system are of particular interest. 


Tasie I 


Amounts of Preformed Choline Fraction and of Glycerylphosphorylcholine in Some 
Mammalian Tissues 


Mg. per 100 gm. moist tissue 
Sam- 
ple | Species | Tissue Condition | preformed 
1 |Beef Heart Fresh Negligible’ Negligible! 
2 Skeletal 46 sé 66 
muscle 
3 Brain 66 
4 Testicles| ‘‘ 5.3 6.4 
5 f Spleen = Negligi 34 
6 |Lamb Kidney 22 48 
7 Pancreas 22 53 
Incubated* | 32 169 
8 Liver t Negligible; 123 182 76.5 303} 305 
“ + 126 232 358 
10 “ “ t 75 
1l |Rabbit 35 
12 |Rat, adult; “ 9 Negligible 
13 “ wean- “ t 
ling 
14 ‘Human ss Bile 


* 30 gm. of minced pancreas + 30 cc. of water, 37°, 3 hours. 
t Tissue frozen in liquid nitrogen. 

¢ After hydrolysis of the Bloor extract. 

§ Obtained immediately after cholecystectomy. 


Pancreas (Sample 7)—Whereas appreciable amounts of glycerylphos- 
phorylcholine were usually found in fresh beef pancreas, large increases 
were always observed after a few hours’ incubation of minced pancreas 
in water at 37°. The formation of free choline under these conditions was 
very small. 

Liver—Between 75 and 126 mg. of choline in the form of glycerylphos- 
phorylcholine were present in fresh lamb liver, whereas fresh or incubated 
rat liver contained only negligible amounts of this substance (Samples 8 
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to 13). In some experiments (Samples 8 and 9) the concentrations of GPC 
in fresh lamb liver were compared with those of its lipide choline fraction. 
In all experiments with lamb liver the amount of bound choline present in 
the form of GPC was more than half of that present in the lipide fraction. 
The analyses reported for Samples 9 and 10 were carried out on samples of 
30 gm. of liver tissue collected 20 minutes after killing the animals and 
immediately frozen in liquid nitrogen. Since it was found in preliminary 
experiments that the incubation of ground lamb liver at 37° for 2 hours 


MINUTES 
Fic. 1. Increase of the water-soluble choline fractions during the incubation of 
ground rat intestine. Dash curves, incubation at pH 8.2 (5 gm. of intestinal mucosa, 
10 cc. of 2 per cent solution of sodium bicarbonate) ; solid curves, incubation at pH 
5.2 (5 gm. of intestinal mucosa, 10 cc. of 0.1 N sodium actate buffer, pH 4.7). 7 and 
F, respective choline values with and without acid hydrolysis (20 minutes, 100°, 
n HCl). 


resulted only in a 20 per cent increase of GPC, it was concluded that the 
figures reported for lamb liver in Table I closely approximated the GPC 
of the organ in the intact animal, in contrast to those reported for fresh 
beef pancreas (Sample 7). 

Small Intestine—Fig. 1 shows the behavior of the water-soluble choline 
fractions during the incubation of frozen ground rat intestines in weakly 
acid and alkaline media, respectively. The initial values of these fractions 
were very small, but they increased strikingly during the incubation. In 
an alkaline medium the predominant autolysis product was free choline, 
and in an acid medium, GPC. The appearance of water-soluble choline 
compounds during the autolysis of intestinal mucosa was accompanied 


a 
of 140 
at ; 
S$ 120- F 
© 
80 i! 
| 38 
x= 
we 
ae 
20 
| 
; 
d 
XUM 


608 GLYCERYLPHOSPHORYLCHOLINE IN TISSUE 


in all experiments by the disappearance of phospholipides in similar quan- 
titative proportions. This suggested a correlation of both processes. 


DISCUSSION 


Either a- or 8-~GPC would be determined by the procedure described in 
this paper; in all probability, a-GPC is the isomer present in tissues, since 
there is no evidence for the natural occurrence of B-GPC or its derivatives 
(1, 12-14) or of derivatives of 6-glycerylphosphorylethanolamine (15). 

The figures for the preformed choline fraction include the amounts of 
acetylcholine present. The latter can be practically neglected, however, 
when the values of the preformed choline fraction exceed 10 mg. per 100 
gm. of moist tissue except in a few tissues, such as placenta and spleen. 

Tissue constituents other than choline compounds do not interfere with 
the precipitation of choline in the procedure presented. This conclusion 
is supported in particular by the fact that ammonium reineckate did not 
cause precipitations in filtrates of muscle, despite the abundance of organic 
bases in this tissue. The analytical results obtained with muscle are in 
agreement with earlier observations by Strack and his collaborators (16) 
who demonstrated the absence of appreciable quantities of free choline in 
skeletal muscle on the basis of isolation experiments. 

The experiments reported confirm the view expressed in an earlier paper 
that most of the GPC in pancreas was enzymatically formed during its 
autolysis from water-insoluble precursors (presumably lecithin). Very re- 
cently Shapiro demonstrated the formation of GPC from added lecithin by 
cell-free pancreas extracts (17). The occurrence of GPC is not limited to 
pancreas, but in certain species considerable amounts of this compound 
are present in some other organs such as liver, kidney, and spleen. The 
observations on lamb liver permit the conclusion that, at least in this 
organ, relatively large amounts of GPC were present in vivo. These find- 
ings suggest the general biological importance of GPC as an intermediary 
of the metabolism of lecithin in mammalians. This conclusion is in agree- 
ment with the views expressed by Kahane and Lévy (18, 19). 

The behavior of GPC in the rat is of particular interest, since most of 
the observations concerning the lipotropic effects of choline and other die- 
tary constituents were made on this animal. Although fresh liver and 
intestine of rats contained only negligible amounts of GPC, it was found 
that large amounts of this substance were formed during the incubation 
of intestinal mucosa under conditions inhibiting the action of the alkaline 
phosphatases. Since the small intestine has the highest turnover rate of 
phospholipides in comparison with other organs studied, it is very likely 
that GPC is an important intermediary of the lecithin metabolism also in 
the rat, despite the almost negligible quantities present in the fresh liver 
and intestines of this species. 
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SUMMARY 


1. A chemical method for the quantitative determination of glyceryl- 
phosphorylcholine and of the preformed choline fraction in tissues has 
been presented. Amounts corresponding to at least 1 mg. of choline in 
the final aliquots are required. 

2. The amounts of GPC and of the preformed choline fraction in some 
organs were determined. Large concentrations of GPC amounting to more 
than one-half of the phospholipide choline were found in fresh lamb liver, 
but only negligible amounts of water-soluble choline compounds were 
found in fresh livers of weanling or adult rats. 

3. The rapid enzymatic degradation of phospholipides in suspensions 
of rat intestines was accompanied by the corresponding increase of the 
water-soluble choline compounds. After incubation at pH 8, the optimum 
of phosphodiesterase activity, most of the water-soluble choline fraction 
consisted of free choline; after incubation at pH 5.2 most of this fraction 
consisted of GPC. 

4. The observations presented suggest the general importance of gly- 
cerylphosphorylcholine as an intermediary in the phospholipide metabolism 
of mammalians, regardless of its different concentrations in the fresh livers 
of different species. 
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The important réle played by the coenzyme, diphosphopyridine nu- 
cleotide,’ in cellular metabolism is well known. Cytochemical studies of 
the intracellular distribution of a number of DPN-linked enzyme systems 
have indicated that they are largely confined to the cytoplasm of the liver 
cell. Thus DPN cytochrome c reductase is associated with both mito- 
chondria and microsomes (1, 2), glutamic? and 6-hydroxybutyric (3) de- 
hydrogenases with mitochondria, and the reactions involved in anaerobic 
glycolysis (4), as well as lactic, malic, and a-glycerophosphate dehydro- 
genases,? are largely recovered in the soluble fraction of the cytoplasm. 
Recently, the mechanism of biosynthesis of DPN has been clarified by 
Kornberg’s discovery and partial purification of the enzyme of yeast and 
liver catalyzing the reaction, ATP + NMN = DPN + PP (5). Since 
information concerning the intracellular locale of DPN synthesis was con- 
sidered to be of basic cytochemical interest, a study was undertaken of 
the distribution of the Kornberg enzyme among fractions obtained from 
liver homogenates by means of differential centrifugation. This investi- 
gation, the results of which are described in the present paper, has led to 
the unexpected finding that the synthesis of DPN from ATP and NMN is 
apparently a function of the cell nucleus. 


EXPERIMENTAL 
Methods 


Preparation and Fractionation of Liver Homogenates—Livers obtained 
from male or female mice of the C3H strain, 4 to 6 months of age, were 
homogenized as described previously (6, 7) with either 0.25 m sucrose or 
0.25 m sucrose-0.0018 m CaCl, as the medium. Each 10 ml. of homogenate 
contained 1 gm. of liver. The methods employed in the centrifugal frac- 


1 The following abbreviations will be used: DPN = diphosphopyridine nucleotide, 
ATP = adenosinetriphosphate, ATPase = adenosinetriphosphatase, NMN = nico- 
tinamide mononucleotide, PP = pyrophosphate, DNA = desoxypentose nucleic 
acid. 
* Hogeboom, G. H., and Schneider, W. C., unpublished experiments. 

611 


* 
‘ 
‘ 
é 
4 
bs 
> 
# 
= 


612 CYTOCHEMICAL STUDIES. VI 


tionation of the homogenates are described below under the individual 
experiments. In several experiments the number of free mitochondria 
and intact liver cells in the homogenates and nuclear fractions was deter- 
mined by count (7) under the phase microscope. 

Determination of Enzyme Activity—The rate of synthesis of DPN was 
determined essentially according to the method of Kornberg (5). The 
reaction mixture (pH 7.5, final volume 1.0 ml.) was made up at 0° and 
contained the following components: 0.006 m ATP, 0.0025 m NMN, 0.05 
M glycylglycine-KOH buffer, 0.015 m MgCl, 0.2 Mm nicotinamide, and 
enzyme. The mixture was then shaken in a water bath at 38°. 2 min- 
utes were allowed for the establishment of temperature equilibrium, and 
the reaction was stopped at 10 or 20 minutes thereafter by the addition of 
1.0 ml. of cold 10 per cent trichloroacetic acid. The mixture was centri- 
fuged at 0° and the supernatant neutralized while cold with 2.4 n KOH 
with phenol red as an internal indicator. A 1.0 ml. aliquot was then 
placed in each of two cuvettes, together with 0.3 ml. of 0.1 m sodium pyro- 
phosphate buffer, pH 9.0, and 0.1 ml. of a solution of crystalline alcohol 
dehydrogenase. After a preliminary comparison of the absorption at 
340 my in the Beckman spectrophotometer, 0.1 ml. of water was added to 
one cuvette and 0.1 ml. of ethanol to the other. The amount of DPN 
present was calculated from the increase in optical density at 340 my on 
addition of ethanol, with the value 6.27 X 10° sq. cm. per mole as the mo- 
lecular extinction coefficient for reduced DPN (8). 

The rate of synthesis of DPN both by the liver homogenates and by all 
fractions proceeded linearly with time for at least 20 minutes and was 
directly proportional to the amount of enzyme added. No DPN was 
formed in the absence of ATP or NMN. 

ATP was obtained as the disodium salt from the Pabst Laboratories. 
Two samples of NMN were employed: the first was kindly supplied by 
Dr. A. Kornberg; the second was prepared by enzymatic hydrolysis of 
DPN according to the method of Kornberg and Pricer (9).? Crystalline 
alcohol dehydrogenase was isolated from Fleischmann’s yeast according 
to the method of Racker (10) and was stored in the frozen state in approxi- 
mately 10 per cent (NH,)2SO,. In the determination of DPN, sufficient 
alcohol dehydrogenase (diluted in 0.01 mM potassium phosphate buffer, 
pH 7.4, containing 0.2 per cent crystalline bovine serum albumin) was 
added to effect complete reduction of DPN within 2 minutes. 

Determination of Total Nitrogen and DNA—Determinations of total 
nitrogen and DNA phosphorus were carried out as described previously 
(7). 

? We are also indebted to Dr. Kornberg for a sample of purified nucleotide pyro- 
phosphatase (9). 
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Results 


Intracellular Distribution of DPN-Synthesizing Enzyme—Table I shows 
the rate of synthesis of DPN by the liver homogenate and cell fractions. 
It is at once evident that the major portion of the enzyme activity was 
recovered in the nuclear fraction, the specific activity of which was greater 
than that of the homogenate by a factor of almost 5. Although it was 
possible to detect activity in the mitochondrial fraction, the amount pres- 
ent was extremely low and could not be considered significant from the 


I 
Synthesis of DPN by Liver Fractions 

Perfused livers were forced through a perforated stainless steel disk (7) to remove 
connective tissue and homogenized in 0.25 m sucrose, and the homogenates frac- 
tionated as described previously (6). The nuclear fraction was sedimented twice 
and contained residual intact liver cells and an average of 15 per cent (by count) 
of the original number of free mitochondria. The mitochondrial fraction was sedi- 
mented three times and was essentially cytologically homogeneous. The super- 
natant contained submicroscopic particles and the soluble material of the cyto- 
plasm. The results represent the average values obtained in two experiments. 
Total values are expressed in terms of 100 mg. of fresh liver or an equivalent amount 
of each fraction. 


Synthesis of DPN 
Preparation Total nitrogen 
Total® Per cent of Ct 
mg. 

Homogenate.................. 2.57 1.10 100 0.43 
Nuclear fraction............... 0.40 0.78 71 2.0 
Mitochondria.................. 0.54 0.03 Ca 3 Ca. 0.06 Ca 
Supernatant................... 1.54 0.3 30 0.2 


* Micromoles of DPN formed per hour. 
t Micromoles of DPN formed per hour per mg. of total nitrogen. 


cytochemical standpoint. All of the remainder of the activity was re- 
covered in the supernatant. 

In view of the fact that the nuclear fraction (Table I) contained con- 
siderable amounts of cytoplasmic material, as indicated by the presence 
of intact liver cells and a rather large number of free mitochondria, it was 
desirable to determine the enzyme content of nuclear preparations con- 
taining little extraneous material. In this respect, a recent study (7) has 
shown that the addition of a small amount of CaCl, to the sucrose solution 
makes it possible to isolate liver cell nuclei in good yield, in excellent cyto- 
logical condition, and in preparations containing very few intact cells 
and mitochondria. Table II summarizes the results of a typical experi- 
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ment in which the latter technique for the isolation of nuclei was em- 
ployed. As shown by the values of DNA phosphorus, filtration of the 
homogenate resulted in the removal of 15 per cent of the nuclei, a value 
corresponding closely to the amount of enzyme activity removed. Of the 
total activity of the filtered homogenate, 69 per cent was recovered in the 
preparation of nuclei and the remainder in the supernatant. The concen- 


Tasze Il 
Synthesis of DPN by Isolated Nuclei 

Perfused livers were forced through a perforated stainless steel disk and ho- 
mogenized in 0.25 m sucrose-0.0018 m CaCl, (7). The homogenate was filtered 
through flannelet, and 20 ml. of the filtered homogenate were centrifuged for 15 
minutes at 2000 r.p.m. (horizontal yoke No. 269, International refrigerated centri- 
fuge). The sediment was rehomogenized in 5 ml. of 0.25 m sucrose-0.00018 m CaCl). 
This suspension was layered (7) over 10 ml. of 0.34 m sucrose-0.00018 m CaCl, and cen- 
trifuged for 10 minutes at 2000 r._p.m. Homogenization of the sediment, layering, 
and centrifuging were repeated, and the nuclei were finally suspended in 10 ml. of 
0.25 m sucrose-0.00018 m CaCl,;. The combined supernatants contained the mito- 
chondria and other components of the cytoplasm. Total values are expressed as 
in Table I. 


Preparation Total nitrogen | _, DNA | 
x 107 x 
Total® Qt 
mg. 7 

Original homoge- 

SS ee 3.03 23.8 1.20 | 0.40 11.2 0.41 
Filtered homoge- 

2.58 20.1 1.00 | 0.39 
Isolated nuclei... . 0.29 18.8 0.69 | 2.4 0.20 0.16 
Supernatant... ... 2.28 1.7 |0.1 


* Micromoles of DPN formed per hour. 
t Micromoles of DPN formed per hour per mg. of total nitrogen. 


tration of enzyme in the nuclei was greater than that in the homogenate 
by a factor of 6. That the extent of contamination of the isolated nuclei 
by cytoplasmic material was relatively slight was indicated by the counts 
of mitochondria and intact cells. Thus the nuclei contained less than 2 
per cent of the original number of free mitochondria. Furthermore, since 
numerous determinations of the number of nuclei in C3H mouse liver 
homogenates have indicated that there are approximately 15 X< 10* cells 
per 100 mg. of fresh liver (assuming that each cell contains a single nu- 
cleus), it is evident from Table II that the isolated nuclei contained about 
1 per cent of the cells of the original whole tissue. 
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Effect of Nuclear Damage on Distribution of DPN-Synthesizing Enzyme 
in Liver Homogenates—Although the data of Tables I and II indicated 
that most of the enzyme activity of the liver homogenates was localized 
in the nuclei, in these and a number of other experiments a considerable 
proportion (25 to 35 per cent) of the activity was consistently recovered in 


Tass III 
Effect of Nuclear Damage on Distribution of DPN-Synthesizing Enzyme 

In four experiments, either perfused or unperfused livers were minced with scissors 
and homogenized in either 0.25 m sucrose or 0.25 m sucrose-0.0018 m CaCl,. The 
homogenates prepared in the latter medium were filtered through flannelet. 10 ml. 
of each homogenate were layered over 10 ml. of 0.34 m sucrose and centrifuged at 
2000 r.p.m. for 10 minutes. The sediments of nuclei were resuspended in 0.25 m 
sucrose. In one experiment the nuclei were subjected to sonic oscillations for 10 
minutes at 0-2° (11) and centrifuged at 130,000 X g (42,040 r.p.m.) for 30 minutes 
(Spinco model E ultracentrifuge, type C preparative rotor). The pellet was re- 
suspended in 0.25 m sucrose. Total values are expressed as in Table I. 


Synthesis of DPN 
Preparation Total nitrogen 
Total* Qt 
mg. 

Homogenate 3.25 1.31 100 0.40 

(3.06-3.58) | (1.14-1.49) (0.36-0.44) 
Nuclei 0.55 1.20 92 2.2 

(0.48-0.64) | (1.00-1.50) | (86-101*) | (2.1 -2.3) 
Supernatant 2.70 0.12 9 0.04 

(2.52-2.90) | (0.10-0.18) | (6-15) | (0.03-0.07) 
Nuclei 0.48 1.01 100 2.1 
Disintegrated nuclei 0.48 0.89 | 88 1.9 
Sedimentable at 130,000 x g | 0.14 0.10 10 0.7 
Non-sedimentable at 130,000 | 0.36 0.75 74 2.1 

xg 


* Micromoles of DPN formed per hour. 
t Micromoles of DPN formed per hour per mg. of total nitrogen. 


the cytoplasmic fraction containing submicroscopic particles and soluble 
compounds. Since microscopic examination of the nuclear fractions has 
always revealed damage to a significant number of nuclei (7), the possi- 
bility was considered that the enzyme found in the supernatants (Tables I 
and II) was originally in nuclei but escaped into the supernatant through 
damaged nuclear membranes. That such may actually be the case is 
indicated by the data of Table III. In these experiments, a procedure was 
eliminated that was known to damage nuclei; namely, the forcing of the 
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livers through a perforated steel disk. The rehomogenization and resedi- 
mentation of the nuclear fraction were replaced by a layering technique 
found to be more effective in reducing the number of free mitochondria 
contaminating the isolated nuclei than the method referred to in Table I 
(although less effective than the method described in Table 11). Under 
these conditions, as shown in Table III, an average of 92 per cent of the 
DPN-synthesizing enzyme was recovered in the nuclear fractions, It 
seems entirely possible that the small amount of activity remaining in the 
supernatant (Table III) may have resulted from damage to nuclei in the 
preparation of the original homogenates. 

Table III also shows the effect of deliberate damage to the nuclear 
membranes. Thus, when the nuclei were disrupted by means of sonic 
oscillations, most of the enzyme activity remained unsedimented, even 
after centrifugation at 130,000 x g for 30 minutes. 

Attempts to Demonstrate DPN Synthesis by Cytoplasmic Fractions—In 
view of the finding that the cell nucleus synthesizes a compound thus far 
found to take part only in cytoplasmic reactions, several attempts were 
made to determine whether the DPN-synthesizing enzyme might actually 
be present in the cytoplasm but non-operative under the conditions of the 
determination. It appeared possible, for example, that the enzyme might 
be present in cytoplasmic particles (e.g., mitochondria) but not available 
to its substrates. When the homogenate, nuclei, and cytoplasmic frac- 
tion were subjected to sonic oscillations for 10 minutes at 0-2° (11), how- 
ever, a procedure that caused the disruption of all nuclei and most mito- 
chondria, no increase in enzyme activity was observed; instead there was 
a slight and roughly equal inactivation of all preparations. Attempts to 
demonstrate the presence of the enzyme in cytoplasmic material by the 
preparation of acetone powder extracts of the homogenate, nuclei, and 
cytoplasmic fraction were unsuccessful because of variable and usually 
low yields of enzyme. That the cytoplasmic fraction failed to synthesize 
DPN because of side reactions leading to depletion of substrates (e.g., 
through phosphatase activity) was clearly shown not to be the case. Thus 
the rate of formation of DPN by the homogenate was linear with time 
over a 20 minute period. Furthermore, when the cytoplasmic fraction 
was preincubated for 10 minutes at 38° in the reaction mixture containing 
ATP and NMN and the nuclear fraction then added, the amount of DPN 
formed subsequent to the addition of nuclei indicated that both substrates 
were present in optimal concentration at the end of the preincubation 
period. 

‘The activity of liver glutamic dehydrogenase, an enzyme localized in mito- 
chondria, is greatly enhanced by procedures causing disruption of the particles 
(Hogeboom, G. H., and Schneider, W. C., unpublished experiments). 
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State of Enzyme in Isolated Nuclei—Mirsky and Ris (12) have stated 
that all of the alkaline phosphatase of chromosomes is associated with the 
“residual chromosomes,” t.e. the residue remaining after extraction of 
isolated “‘intermitotic chromosomes” with 1 m NaCl. As shown by the 
data of Table IV, the DPN-synthesizing enzyme, on the other hand, was 
almost completely extracted by treatment of nuclei with 1 m NaCl. Fur- 
thermore, when the viscous 1 m NaCl extract was treated with 5 volumes 
of water, over 50 per cent of the enzyme was precipitated, and a consider- 


Taste IV 
State of DPN-Synthesizing Enzyme in Isolated Nuclei 


Perfused livers were homogenized in 0.25 m sucrose-0.0018 m CaCl, and frac- 
tionated as described in Table III. The isolated nuclei were suspended in 1 m NaCl 
and the viscous mixture centrifuged at 130,000 X g for 30 minutes. The pellet was 
resuspended in water. An aliquot of the clear, viscous supernatant was diluted 
with 5 volumes of water, and the fibrous precipitate was redissolved in 1 m NaCl. 
The results represent the average values obtained in two experiments. Total values 
are expressed as in Table I. 


Synthesis of DPN 
Preparation Total nitrogen 
Total® Per cent of Ot 
meg. 

Isolated nuclei.............. 0.433 1.05 100 2.4 
Soluble in 1 m NaCl........ 0.193 0.93 S9 4.8 
Insoluble in 1 m NaCl...... 0.243 0.19 18 0.8 
Soluble in 1 m NaCl, insol- 

uble in 0.17 m NaCl....... 0.048 0.50 48 10.4 


* Micromoles of DPN formed per hour. 
t Micromoles of DPN formed per hour per mg. of total nitrogen. 


able rise in specific activity (Q) occurred. In general, this behavior sug- 
gests that the enzyme is capable of combining with nucleic acid. Highly 
polymerized nucleic acid of either the ribose or desoxyribose type does not, 
however, seem to be essential for enzyme activity. Thus the activity of 
the 1 m NaCl extract of nuclei (Table IV) was unaffected by incubation for 
10 minutes at 38° (pH 7.5) either with crystalline desoxyribonuclease® 
(100 + per ml.) in the presence of 0.015 m MgCl. or with crystalline ribo- 
nuclease® (40 y per ml.). 


§ Crystalline desoxyribonuclease was obtained from the Worthington Biochemical 
Laboratory. The sample of ribonuclease was kindly supplied by Dr. M. R. MeDon- 
ald (13). 


‘ 
é 
. 
. 
own 
* 
4 


618 CYTOCHEMICAL STUDIES. VI 


DISCUSSION 


The data indicate that the synthesis of DPN from ATP and NMN is 
largely, if not exclusively, confined to the nucleus of the liver cell. Cer- 
tain pitfalls that might be encountered in arriving at an unequivocal 
conclusion should, however, be mentioned. Thus it is conceivable that 
the failure to demonstrate more than a relatively small proportion of the 
total enzyme activity in the cytoplasmic fractions represented an artifact, 
e.g. because of interfering reactions. Attempts to check this led to nega- 
tive results. Secondly, it is possible that a redistribution of the enzyme 
occurred during homogenization of the liver with the result that the en- 
zyme appeared in the nuclear fraction through adsorption or combination 
with nucleic acid. Suffice it to say that of many other enzymes, both 
soluble and particulate, studied in fractions isolated by similar techniques, 
only ATPase has been concentrated to an appreciable extent in the nuclear 
fraction, and even in the case of ATPase the major portion. of the ac- 
tivity was recovered in the cytoplasmic fractions (14-16). Finally, the 
possibility must be considered that the synthesis of DPN was a function 
of extraneous cell structures contaminating the nuclear fraction. In this 
respect, as noted previously (7), the isolation of nuclei in cytologically 
homogeneous preparations under conditions not likely to cause inactiva- 
tion of sensitive enzyme systems has been a difficult problem. The use of 
sucrose solutions containing small amounts of CaCl, however, permits the 
isolation in excellent yield of nuclei contaminated by very few intact cells 
and mitochondria (Table II), the only other structures seen in the prepara- 
tions having been tentatively identified as cell membranes (7). In view 
of the high recoveries of the DPN-synthesizing enzyme in the isolated 
nuclei and the great preponderance of the nuclei over the cell membranes, 
it would seem very unlikely that the latter structures were responsible 
for the enzyme activity. 

That the synthesis of DPN is probably a function of the cell nucleus is 
of interest for several reasons. As far as the authors are aware, this find- 
ing comprises the first example of the clear cut localization of an enzyme in 
isolated nuclei. A number of enzymes found in liver cell nuclei isolated 
by other techniques (17, 18) have been present in rather low concentration 
and are found mainly in the cytoplasm, a situation that has led to some 
question concerning the conclusions to be drawn (7, 19, 20). 

The present results also demonstrate an apparent biochemical inter- 
action between nucleus and cytoplasm. Thus, unless another mechanism 
is found for the biosynthesis of DPN, it can be assumed that the coenzyme 
is formed in the nucleus and then transferred to the cytoplasm. Micro- 
scopic (21) and in vivo studies with labeled precursors (22, 23) have sug- 
gested that a similar situation holds in the synthesis of ribose nucleic acid. 
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The interesting question as to whether the two findings may in some way 
be related arises from a consideration of the possibility that ribose dinu- 
cleotides other than DPN may be formed in the nucleus by an analogous 
reaction. 

Of interest from the practical standpoint is the fact that the synthesis 
of DPN is carried out by a water-soluble protein that can be extracted 
from liver and purified to a considerable extent (5). Contrary to the 
conclusion of some investigators (24, 25) that non-aqueous solvents must 
be used in the isolation of nuclei in order to prevent extraction of water- 
soluble compounds, the present results indicate that in an aqueous medium 
the nuclear membrane is capable of retaining a soluble enzyme. 


SUMMARY 


A study is reported of the distribution among cell fractions obtained 
from C3H mouse liver of the enzyme catalyzing the synthesis of diphos- 
phopyridine nucleotide from nicotinamide mononucleotide and adenosine- 
triphosphate. In a number of experiments, 69 to 101 per cent of the 
enzyme activity of homogenates was recovered in the nuclear fraction, 
the higher recoveries having been obtained under conditions avoiding 
excessive damage to the cell nuclei. The concentration of enzyme in the 
isolated nuclei was greater than that in the homogenates by a factor of 5 
to 6. Attempts to demonstrate more than a small proportion of the total 
activity in the cytoplasmic fraction were unsuccessful. After disruption 
of isolated nuclei by means of sonic vibrations, most of the enzyme ac- 
tivity was not sedimented at 130,000 x g. Approximately 90 per cent of 
the activity was extracted from nuclei by treatment with 1 mM NaCl, and 
of this activity approximately 50 per cent was precipitated by dilution to 
a NaCl concentration of 0.17 M. 


The help of Miss M. J. Striebich in part of this work is gratefully 
acknowledged. 
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NATURE OF THE STIMULATING ACTION OF INSULIN 
ON LIPOGENESIS FROM ACETATE IN 
FASTED RAT LIVER* 


By M. 8S. MASRI, I. LYON, anv I. L. CHAIKOFF 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, March 6, 1952) 


In a previous communication we demonstrated that the ability to con- 
vert acetate to fatty acids is lowered in the liver of the fasted rat (1). 
A decreased rate of conversion was observed as early as 12 hours after 
food was withheld, and within 18 hours the liver had lost, to a great ex- 
tent, its ability to incorporate acetate into fatty acids. That this failure 
in hepatic lipogenesis was related to depressed glycolytic activity was 
suggested by several types of experiments. It was further pointed out 
that a reduction in circulating insulin could also have played a part in this 
defect. Indeed, it has been shown that the addition of insulin to the 
medium stimulates hepatic lipogenesis from acetate by surviving slices of 
liver (2, 3). The experiments reported here were designed to explore the 
interrelation of the actions of glucose and insulin upon hepatic lipogenesis. 


EXPERIMENTAL 


Dietary Treatment of Rats—Young male rats of the Long-Evans strain 
were used. They were raised on a stock diet that contained about 55 per 
cent carbohydrate, 26.5 per cent protein, and about 9 per cent fat. All 
rats were deprived of food for 18 hours before they were sacrificed. 

Incubation Procedure—The preparation of liver slices and the details 
of the incubation procedure have been described elsewhere (1, 4). About 
500 mg. of liver slices were transferred to each incubation flask, and 
enough slices were prepared from each liver for three to eight flasks. Each 
flask contained 5 cc. of the bicarbonate buffer and 10 uM of acetate labeled 
with acetate-1-C". The amount of glucose added to the medium was 
contained in 0.5 cc. of solution (4.8 per cent glucose). The insulin was 
mixed with 0.9 per cent NaCl so that 15 units were contained in 0.5 ce. 
The fina] volume in each flask was made to 6 cc. by the addition of isotonic 
NaCl when necessary. Crystalline pork insulin (26.5 units per mg.) 
freed of the hyperglycemic-glycogenolytic factor was used. We are in- 
debted to Eli Lilly and Company for supplying us with this insulin. 

Analytical Procedure—The collection and determination of the CO, 


* Aided by a grant from Eli Lilly and Company. 
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evolved have been dealt with in an earlier report (5). The extraction of 
total lipides from the entire incubation mixture and the determination of 
the fatty acid-C™ content of this extract were carried out as described by 
Masoro et al. (6). A separate portion of slices was taken from each liver 
immediately after slicing for analysis of total carbohydrate content (6). 


TaBie | 

Action of Glucose and Insulin in Vitro on Acetate Utilization by Rat Liver Slices 

Separate 500 mg. portions of each liver were incubated in a bicarbonate buffer 
containing 10 um of the labeled acetate as follows: Flask 1, without other additions 
to the medium; Flask 2, in the presence of 15 units of crystalline insulin; Flask 3, 
in the presence of 400 mg. per cent of glucose; Flask 4, in the presence of 400 mg. per 
cent of glucose and 15 units of insulin. Rats weighing 204 + 23 gm. were fasted 
18 hours. The total carbohydrate content of these livers ranged from 0.7 to 2.6 
per cent, the total lipide content from 4.4 to 6 per cent. 


Per cent C™ of added acetate-1-C™ recovered as 
Rat Fatty acids COs 
No. 
Flask 1, Flask 2, 3, |Flask 4, acetate) Flask 1, | Flask 2, | Flask 3, Flask 4, acetate 
acetate + acetate + + + + + 
1 2.2 4.24 6.4 37 39 35 
2 1.9 2.3 4.7 32 37 26 
3} 0.11 0.20 0.87 1.3 46 45 56 56 
4; 0.10 0.13 0.53 0.74 38 41 53 56 
5 | 0.40 0.93 1.3 36 48 48 
6 | 0.30 0.74 1.1 22 44 43 
7 | 0.62 0.68 1.3 2.1 33 45 58 64 
8 | 0.39 0.38 0.70 0.82 36 41 DA 53 
9 1.6 1.8 2.5 3.9 40 40 56 49 
10 | 0.62 0.62 1.5 2.2 29 28 36 40 
1] 0.76 1.0 1.8 3.2 30 31 34 36 
12. 0.94 1.1 1.4 2.1 28 31 35 41 
Results 


No attempt was made in the present study to compare the fatty acid- 
C™ and CO, recoveries in one liver with those of another. Instead, the 
experiments were designed so that several separately incubated portions 
of slices from a single liver comprised an independent, internally controlled 
experiment. Each horizontal line in Table I (Rats 1 to 12) gives the 
results obtained with a single liver, but a separate condition was studied 
in each flask. Experiments on Rats 15 to 19 (Table II) show the repro- 
ducibility of fatty acid-C and CO, recoveries when several portions from 
the same liver are incubated under identical conditions. 
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f Taste II 
f Action of Glucose and Insulin in Vitro on Acetate-1-C™ Utilization by Rat Liver 
y The experimental conditions were similar to those described in Table I. Rats + 
. weighing 229 + 21 gm. were fasted 18 hours. The total carbohydrate content of : 
the livers was 1.2 to 2.9 per cent. 
Per cent of added 
acetate-1-C™ 
Rat No.| Flask No. Medium recovered as 
Fatty acids | COs 
: 15 1 | Acetate alone 0.70 33 ‘ 
| 2 0.69 32 a 
3 0.61 33 
4 “+ 15 units insulin 0.69 36 ; 
6 0.63 38 
16 1 “alone 0.87 27 P 
2 0.94 26 
3 0.85 25 
4 “+ 15 units insulin 0.88 28 : 
6 > 0.81 27 
17 1 “« alone 0.71 39 ‘ 
2 0.76 38 
3 0.73 38 
4 0.71 38 
5 «+ 400 mg. % glucose 1.5 43 .f 
7 +40 “% “ +15 2.5 48 
units insulin 
8 2.7 48 
18 1 Acetate alone 0.45 31 
2 0.38 29 
3 ‘“ + 400 mg. % glucose 1.2 45 A 
4 + 400 % 1.3 46 
5 * 1.2 47 
6 +400 “ % 1.1 44 
units insulin 
8 3.0 45 
19 1 Acetate alone 0.35 50 , 
2 0.40 51 
3 «« + 400 mg. % glucose 1.9 48 
4 + 400 % 1.6 50 
units insulin 
6 5.0 47 
8 “ as 4.6 50 
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The addition of insulin alone to the medium did not appear to influence 
acetate utilization by the liver of the fasted rat either for lipogenesis or 
CO, formation. The addition of glucose (400 mg. per cent) to the me- 
dium, however, resulted in a definite increase in the incorporation of ace- 
tate carbon into fatty acids. This effect of glucose was further enhanced 
when 15 units of insulin were added to the medium. 


Comment 


In the present investigation we made use of rats fasted 18 hours in order 
to compare the action of glucose and insulin, singly and combined, on 
hepatic lipogenesis. Since fasting reduces the incorporation of acetate into 
fatty acids by the liver, it was to be expected that small increments in 
lipogenesis from acetate would be more readily detectable in the liver 
from the fasted rat than in that of the well fed rat. The striking point 
brought out in the present study is that the addition of insulin alone failed 
to augment lipogenesis or CO, formation from acetate in the liver of the 
fasted rat, whereas glucose alone stimulated both. When both insulin 
and glucose were added to the same bath, lipogenesis was stimulated to 
an extent greater than that observed with glucose alone. These findings, 
therefore, indicate that the action of insulin upon hepatic lipogenesis is 
secondary to its priming of glucose utilization. 

SUMMARY 

1. The action of insulin and glucose in vitro, singly and combined, upon 
acetate-1-C™ utilization for fatty acid synthesis and CO, formation was 
studied in liver slices prepared from rats fasted 18 hours. 

2. The addition of insulin alone to the medium had no effect on lipo- 
genesis and CO, formation from the added acetate. 

3. Glucose alone definitely augmented the incorporation of the added C" 
into fatty acids. 

4. The addition of glucose plus insulin to the medium resulted in a 
stimulation of lipogenesis which exceeded that observed with glucose alone. 
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CIRCULATION OF PLASMA PROTEINS: THEIR 
TRANSPORT TO LYMPH* 


By L. L. FORKER,f I. L. CHAIKOFF, ann W. O. REINHARDT 


(From the Divisions of Physiology and Anatomy of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, March 10, 1952) 


As part of a study of protein turnover in diabetes (1), S**-labeled serum 
proteins were introduced intravenously into dogs, and the disappearance of 
the labeled proteins from the circulating plasma was followed for 7 or 
more days. The specific activity of serum protein in the recipient dogs 
decreased rapidly at first, but after 2 days it decreased at a much slower 
rate. This slow phase is considered to represent the metabolic degrada- 
tion of the labeled proteins, whereas the most reasonable explanation for 
the initial rapid phase is that reversible exchange occurs between plasma 
protein molecules in the blood stream and similar molecules in other re- 
gions of the animal. 

In order to justify the above interpretation, it was felt that the rapid 
phase should be further investigated. Thus, the present communica- 
tion deals with the exchange of labeled serum protein between blood and 
lymph. It is shown here that intravenously injected, S*-labeled serum 
proteins appear very rapidly in the thoracic duct lymph, and that a con- 
tinuous circulation of protein exists between blood and lymph. 


EXPERIMENTAL 
Labeled Serum Proteins 


Preparation of sterile solutions of S*-labeled serum proteins, obtained 
biosynthetically from a donor dog, is described in the preceding paper (1). 
The amount of labeled protein injected was approximately 0.012 per cent 
of body weight, in the case of the rats, and 0.021 per cent of body weight, 
in the case of the dogs. This labeled protein was dissolved in isotonic 
saline at a concentration of 6 gm. of protein per 100 ml., as described pre- 
viously (1). 

Animal Procedures 

Rats—Three male rats of the Long-Evans strain, weighing from 400 to 
500 gm., were used. They received a diet consisting of 68.5 parts of 

* Aided by a grant from the American Cancer Society, as recommended by the 
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ground whole wheat, 5 of raw casein, 10 of fish meal, 10 of alfalfa leaf 
meal, 5 of sardine oil (fortified with vitamins A and D), and 1.5 of NaCl. 
This diet contains 19.3 per cent protein and is considered to supply ade- 
quate amounts of the known dietary factors. The diet was continuously 
available to the rats before and after the operation. 

The rat was kept in a restraining cage (2) after introduction of a cannula 
into the thoracic duct (3). Lymph samples were collected in graduated 
centrifuge tubes containing dry heparin. 

Dogs—Although the entire flow of thoracic duct lymph was collected 
from the rats, a special cannula was used with the dogs, which returned 
the lymph back into the blood stream via the left external jugular vein. 
This cannula consisted of two parts which could be separated for the col- 
lection of a lymph sample. Whenever the two parts of the cannula were 
disconnected, a syringe containing isotonic saline was attached to the 
venous part by means of a needle of large diameter. This served to pre- 
vent the entry of air into the blood stream; the introduction of small 
amounts of saline also reduced the possibility of clot formation in the 
cannula. The parts of the cannula were disconnected for short periods 
to permit collection of individual lymph samples, but at all other times 
the lymph was recirculated. 

Dogs were under barbital anesthesia for the duration of the operation 
and the period in which lymph samples were collected. Their body tem- 
peratures were maintained approximately constant by the application of 
heat as required. A glucose-saline solution! was administered by con- 
tinuous intravenous infusion at a rate of 2 ml. per hour per kilo of body 
weight. This rate was estimated to replace the fluid lost, and no attempt 
was made to force the rate of lymph flow to abnormally high values. In 
order to minimize stagnation of lymph, the limbs of the anesthetized ani- 
mal were frequently massaged and their positions changed during the 
entire experiment. 

Dogs received Purina fox chow as their regular food, but meat and milk 
were given 3 hours before each experiment. | 


Preparation of Cannulae 
The cannulae were cut from flexible, plastic tubing of the desired diam- 
eter. ‘These tubes were carefully cleaned and dried, and their inner sur- 
faces were coated with a thin layer of a liquid Silicone. The Silicone was 
purified before use by heating for several days at about 150°. This pre- 
liminary step may be necessary if HCl (produced in manufacture) or other 
1 This was a sterile solution containing 5 gm. of glucose and 0.9 gm. of NaCl per 


100 ml. of non-pyrogenic, distilled water. It was obtained from the Cutter Labora- 
tories, Berkeley. 
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volatile impurities are present. The thin coating of Silicone was applied 
by introducing one or more drops, with a micro pipette, into the upper 
end of a tube that had been fixed in a vertical position. Under the force 
of gravity, the liquid slowly flowed through the tube, and the excess 
drained from the lower end. About 2 days were required for complete 
drainage of the excess when a viscous Silicone was used. If the cannula is 
cut after its preparation, it is important to coat the new ends with Silicone, 
because these ends are the most likely places for clots to occur. At no 
time was a clot observed, with blood or lymph, that could be attributed 
to contact between the fluid and the surface of the cannula. 

For the experiments with dogs, the recycling cannula made from Trans- 
flex? tubing was used and found to be very satisfactory. The two parts of 
the cannula may be connected (a) by widening the end of the part of the 
cannula that leads into the jugular vein, or (6) by using a larger size of 
tubing for the venous part. The second procedure was most satisfactory 
and was used with Dog 2. 

In dogs, with properly prepared cannulae, no interruptions of lymph 
flow, from thoracic duct to jugular vein, were observed. With the rats, 
coagulation of protein tends to occur at the lymph-air interface, and clots 
occasionally formed there. 


Treatment of Blood and Lymph Samples 

Blood samples were taken from the left external jugular vein, with 
heparin as an anticoagulant. For each determination, a 1 ml. aliquot of 
plasma was diluted with 1 ml. of water, and 2 ml. of 10 per cent trichloro- 
acetic acid (TCA) were added, with vigorous stirring, to precipitate pro- 
teins. Dilution of plasma, prior to TCA addition, discourages the forma- 
tion of large clumps in the protein precipitate. 

Lymph samples from the thoracic duct cannula were collected in cen- 
trifuge tubes containing heparin. After centrifugation, aliquots of the 
cell-free supernatants were mixed with equal volumes of 10 per cent TCA 
to precipitate proteins. Unlike the plasma samples, lymph samples were 
not diluted before the addition of TCA, since the protein concentration in 
lymph is less than that in plasma. 

All protein precipitates (plasma and lymph) were washed twice with 5 
per cent TCA. The remainder of the procedure for the determination of 
total protein sulfur and protein S** has been described (4). No carrier 
sulfur was added, since aliquots containing approximately the standard 
amount of protein sulfur (25 wm) were taken. 

Separation of Methionine and Cystine—Plasma and lymph proteins were 


? Transflex tubing is a product of the Irvington Varnish and Insulator Company, 
Irvington, New Jersey. 
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precipitated and washed with TCA as described above. The precipitates 
were hydrolyzed with constant boiling HCl, and the methionine and 
cystine were separated according to the procedure of Simpson and Tarver 


(5). 
Results 

Cannulae were introduced into the thoracic ducts of three rats anes- 
thetized with ether. As soon as a steady flow of lymph was established 
(about 10 minutes after operation), each rat received an intravenous in- 
jection of 1 ml. of a sterile solution containing 6 per cent of the recon- 
stituted, S**-labeled dog serum protein. Lymph collection was begun 
immediately, and all lymph flowing through the thoracic duct was col- 
lected for the duration of the experiment. Lymph receivers were changed 
repeatedly so that a series of samples was obtained; the collection period 
for each lymph sample was 2 hours or longer. 

Data from a male rat (Rat 18) weighing 490 gm. are considered typical 
and will be reported here. This rat was chosen because lymph flowed 
continuously through its thoracic duct cannula for 11 days. Results on 
other rats confirm the initial data, but lymph production did not continue 
for that length of time. The animals were not fasted; food and water 
were always available. 

Time (¢), in the following experiments, is measured from the time of 
injection of the labeled protein. The cumulative volume output of the col- 
lected lymph samples as a function of time is shown in Fig. 1. This rela- 
tion is well represented by three straight line sections with successively 
greater slopes. The slope of this cumulative function is the rate of flow 
of thoracic duct lymph in ml. per hour. This rate of flow was deter- 
mined graphically for each section, and the following average values were 
obtained: first section (¢ = 0 to 52 hours), 0.74 ml. per hour; second sec- 
tion (¢ = 60 to 127 hours), 2.5 ml. per hour; and third section (¢ = 131 to 
250 hours), 3.4 ml. per hour. The rate of flow of lymph increased sud- 
denly between 52 and 60 hours. The rat was observed to increase its 
intake of food and water during this period. 

The cumulative total protein output of the collected lymph as a function 
of time is also shown in Fig. 1. This curve is quite smooth, and its slope 
increases without abrupt changes during the 11 days. The slope of this 
curve is the rate of flow of protein through the thoracic duct. Initial and 
final values for this rate were determined graphically, and are 0.34 and 
0.65 mg. of protein sulfur per hour, respectively. 

Soon after intravenous injection of the S**-labeled serum protein, the 
thoracic duct lymph was found to contain labeled protein. The cumulative 
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Fig. 1. Rat 18. Cumulative volume output and total protein sulfur output (cum- 
ulative) in thoracic duct lymph as a function of time. 
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Fig. 2. Rat 18. Cumulative output and rate of output of protein S** in thoracic 
duct lymph as a function of time following intravenous injection of labeled serum 


protein. 


output of protein S* in the thoracic duct lymph as a function of time is 
shown in Fig. 2. Each point on this curve includes the sum of all protein 
S** collected from the thoracic duct after time zero. It can be seen that 
the early rapid appearance of S** in lymph becomes more gradual with 
time, and after 6 days the curve approaches a plateau corresponding to 
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the output of a total of about 32 per cent of the injected S**. Since this 
curve was drawn from cumulative data, local irregularities in the actual 
rate of output of labeled protein are minimized. For this reason another 
curve is presented in Fig. 2 which elucidates the more intimate aspects of 
the process under study. This curve shows the rate of output of S**-pro- 
tein in the thoracic duct lymph as a function of time. Each collection 
period is represented by a point, and two approximations were used: first, 
the ordinate of each point is the average of all infinitesimal rates occurring 
during the collection period represénted by that point; second, this average 
rate is plotted at the mid-time of the particular collection period. Neither 
approximation influences the shape of the curve appreciably except during 
the first few hours, when the rate is changing rapidly. 

If time zero is defined as the instant immediately before injection of 
the labeled protein, the rate of appearance of S**-protein in the thoracic 
duct is zero at that time. The rate increases very rapidly after injection, 
and the highest rate (0.83 per cent per hour) is plotted in Fig. 2 at ¢ = 3.4 
hours, the mid-time of the second collection period. The downward 
trend of the curve is quasiexponential; however, superimposed upon this 
trend are periodic increases that recur at intervals of 1 day. These in- 
creases are clearly shown in Fig. 2, and, since they occur at night, they 
are probably related to the nocturnal habits of the rat. 

In the studies with rats, all of the lymph from the thoracic duct was 
collected for the duration of the experiment. Those with cannulae con- 
tinually lose water, protein, salts, etc., and this fact must be considered 
in interpreting an experiment of this kind. Loss of protein is particularly 
important in the present study. It was calculated that Rat 18 lost each 
day a quantity of plasma protein equal to two-thirds the total amount 
present in its blood stream. Thus, it is unlikely that the animal was in a 
steady state with respect to its plasma proteins for more than 1 hour of 
lymph collection. 

The loss of protein observed above must lead to a fall in the plasma pro- 
tein concentration, and continued survival of the animal, despite this 
serious loss, could have been accomplished only by very rapid synthesis 
of new protein. By this device the animal probably attains a new steady 
state at a more rapid rate of turnover of plasma proteins. 

Observations with Dogs 

In the above experiments with rats, all of the thoracic duct lymph was 
collected, and the steady state of the animal with regard to serum proteins 
was soon disrupted. With dogs, however, the lymph was returned to 
the general circulation in an essentially normal manner by means of the 
specially prepared cannula, except during the short periods required to 
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obtain lymph samples. The volume of lymph taken in these samples 
was small compared with the total flow of thoracic duct lymph. 
Cannulae were introduced into the thoracic ducts of two healthy, nor- 
mal dogs. Barbital anesthesia was used for the operation and for the 
experimental period thereafter. At time zero, each dog received an intra- 
venous injection of the reconstituted, sterile serum containing S**-labeled 
protein. Blood and lymph samples were taken repeatedly, and the pro- 
tein sulfur and protein S** contents of each sample were determined. 
Similar results were obtained with both dogs, and Dog 2 will be con- 
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Fig. 3. Dog 2. Specific activities of plasma and lymph protein S** following intra- 
venous injection of labeled serum protein. Determinations were made in duplicate 
on all plasma samples and on the last three lymph samples. 


sidered as representative. This dog was a female and weighed 11.5 kilos. 
Data obtained from it are shown in Figs. 3 and 4, and the following may 
be observed. (a) The specific activity* of plasma protein S** decreases 
rapidly at first and then more slowly. This is consistent with the observa- 
tion of an initial rapid phase reported in the preceding paper (1). In that 
study, the decline in specific activity of plasma protein was followed for 
7 days after intravenous injection of the same labeled protein used here. 
The rapid component of this decline, the subject of the present study, was 
observed to disappear, for practical purposes, after 2 days. The most 
obvious explanation for these findings is that the rapid phase results from 
the reversible exchange (mixing) of the injected labeled protein with sim- 

* Specific activity is expressed as counts per minute per mg. of sulfur of protein 
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ilar unlabeled protein outside the blood stream. (6) The intravenously 
injected protein appears rapidly in the thoracic duct lymph, and the spe- 
cific activity of the protein of the first lymph sample (35 minutes after 
injection) was close to the highest observed value. (c) The specific activity 
of protein in the thoracic duct lymph remained significantly less than 
that in plasma throughout the experiment (19 hours). This difference is 
probably the result of unlabeled protein coming from all parts of the ani- 
mal and diluting the labeled protein. 

The use of “specific activity” in the experiments with dogs is not sub- 
ject to the limitations of its use in the experiments with rats. These 
limitations resulted from (a) continual loss of S**-protein, and (b) synthesis 


DOG 2 


SPECIFIC ACTIVITY (CPM/MG S) 
o 


8 -+ i> + + 20 
HOURS AFTER INJECTION 
Fic. 4. Dog 2. Logarithm of the specific activity of plasma protein S* as a func- 
tion of time following intravenous injection of labeled serum protein. 


of new unlabeled protein to replace that lost. With the dogs, by recircu- 
lating the lymph and by carefully limiting ‘the volumes of the blood and 
lymph samples removed, the steady state of the plasma proteins was 
preserved. 

The logarithm of the specific activity of plasma protein S** was plotted 
as a function of time (Fig. 4). The first five points lie close to a straight 
line, and a line was fitted to these points by the method of least squares. 
The transformation constant obtained was 0.103 per hour. Thus, the 
rate of disappearance of labeled protein from the blood stream was 10.3 
per cent per hour. The curve soon deviates from the straight line in a 
manner suggesting that a reversible process is at work. At any time, the 
extent of the reverse process, by which labeled molecules diffuse back into 
the blood stream, depends upon the number of such molecules outside of 
the blood stream at that time. During the early interval used for the 
above calculation, it is justifiable to ignore the reverse process. The 
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transformation constant, 0.103 per hour, compares well with similar values 
obtained with unanesthetized dogs (1). The values for the latter were 
0.098 and 0.099 per hour for the rapid phase. 


Identity of S**-Protein Found in Dog Lymph 


In the present investigation, as in those of other laboratories (6-8), 
it is natural to question the identity of the labeled protein found in the 
thoracic duct lymph after the intravenous injection of labeled serum pro- 
tein. Alteration of the labeled protein molecules, after their intravenous 
injection, is a possibility that could seriously change interpretations based 
upon these measurements. 

Table I contains evidence that the S**-protein observed in lymph is the 
same as that in the blood stream. The last column shows the ratio of the 


TaB.e I 
Distribution of S** between Methionine and Cystine As Evidence for Identity of 
Labeled Proteins in Plasma and Lymph* 


| 
Plasma......... 300 247 0.824 
Lymph.......... 214 173 0.811 


* For the methionine and cystine separations, blood and lymph samples were 
taken at a single interval of 4.48 hours from Dog 2. 


specific activity of cystine sulfur to that of methionine sulfur for the 
total protein of plasma and of thoracic duct lymph. The values of this 
ratio are nearly equal: 0.824 for plasma and 0.811 for lymph. Since the 
rate of the rapid phase was almost identical for albumin and globulin (1), 
unfractionated protein appeared adequate and was used for the present 
purpose. If any fundamental change had occurred in the molecules of 
the injected protein, it is improbable that these ratios would be so nearly 
alike. 


DISCUSSION 


The labeled serum proteins used in this study were synthesized in a dog 
that had been injected with S**-methionine. Dialyzable S** had been re- 
moved. Thus, the S* present in the injected serum may be considered as 
part of the structure of nearly normal molecules of dog serum protein. 
Proteins prepared in this manner contain S** in both methionine and 
cystine; this fact was utilized in an attempt to identify the labeled protein 
in lymph with that in the blood plasma. 


« 

Specific activity of Specific activity of cystine . B 

Body fluid methionine — & sulfur Ratio A 
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As previously reported, the rates of turnover are approximately the same 
for the labeled albumin and globulin fractions of dog serum (1). Fibrino- 
gen, however, appears to be more labile than the other plasma proteins (9). 
If fibrinogen turns over relatively rapidly, it might easily attain a higher 
specific activity than the other proteins in donor plasma after injection 
of the labeled amino acid. Although the concentration of fibrinogen in 
plasma is small, a relatively high specific activity in this protein could 
complicate the interpretation of data obtained during the first few days 
following injection of labeled plasma proteins. For this reason, serum 
rather than plasma from the donor dog was used in the present study. 

In the case of the rats, the behavior of the labeled dog serum protein 
may differ from that of rat serum protein, but in the experiments with 
dogs, it is reasonable to believe that the results obtained represent nor- 
mally occurring physiological processes. In the experiments with rats, 
all of the thoracic duct lymph was collected; intravenously injected, labeled 
serum protein appeared rapidly in the lymph. As shown in Fig. 2, the 
rapid increase in rate of appearance of labeled protein in lymph was fol- 
lowed by an almost equally rapid decrease in this rate. With the dogs, 
however, the experiments were designed so that most of the lymph was 
returned to the blood stream. Intravenously injected protein also ap- 
peared rapidly in the thoracic duct lymph, but, unlike the results obtained 
with rats, this was not followed by a rapid disappearance. The latter ex- 
periments undoubtedly give a truer picture of the blood-lymph relationship. 

The initial rapid rise in the specific activity of lymph protein, shown in 
Fig. 3 for the dog, stopped rather abruptly, with little continued rise. 
In spite of the constancy in the specific activity of lymph protein, between 
0.5 and 6 hours, the specific activity of plasma protein continued to fall 
during this period. The rapid appearance of labeled protein in lymph 
suggests a relatively direct route for the passage of protein molecules 
between the blood stream and the thoracic duct. But the labeled proteins 
probably diffuse out of the blood stream into tissues in general, and it is 
the return of varying mixtures of endogenous protein with the injected 
labeled protein that must account for the constancy of specific activity 
observed in thoracic duct lymph. 

It is clear from the above results that plasma protein molecules circulate 
within a much larger effective volume than that of the blood stream alone. 
In order to assess the significance of the thoracic duct as an agent for the 
directed transport of plasma proteins, an average rate of flow of protein 
in this duct was computed for the experiment with Dog 2. This ex- 
periment may be considered as a series of fifteen short lymph collection 
periods that alternate with a series of longer time inéervals, between the 
periods, during which lymph was not collected. Let P; represent the dura- 


# 


L. L. FORKER, I. L. CHAIKOFF, AND W. 0. REINHARDT 635 


tions of the collection periods, in hours, where i = 1, 2,3... 15. Let 
Q; represent the durations of the intervals between collection periods, 
in hours, where i = 0,1,2...14. Let R, equal the rate of flow of protein 
in the thoracic duct during the ith period, and let m; equal the mass of 
protein‘ collected during that period. Then R; = m;/P;. Now, in order 
to find the total amount of protein, M, passing through the thoracic duct 
during the entire experiment (19.43 hours), each interval Q; (except Qo) 
was divided into two equal parts, and the calculation was performed as 
follows: 


M = QR + PiRi + + + Pr, PuRu = 


tml tol | 

Upon substitution of the various numerical values, M = 11.7 gm. of pro- 
tein. Hence, the average rate of flow of protein in the thoracic duct 
was 14.4 gm. per day. The significance of this rate is emphasized when 
it is compared with an estimate of the total plasma protein in the blood 
stream of the animal. If the plasma volume of Dog 2 is assumed to be 
575 ml. (5 per cent of 11.5 kilos), and the protein content of the plasma 
is 6 gm. per 100 ml., the blood stream of this dog contained about 34 gm. 
of plasma protein. Obviously, the 14.4 gm. of protein calculated above 
are highly significant. It means that about half of the total blood plasma 
protein of the dog passes through its thoracic duct each day under the 
experimental conditions. The anesthetized animal, however, forms lymph 
more slowly, and the rate in the normal dog may be greater than that 
observed here. 

Rat 18 lost a total of 10.7 gm. of protein because the thoracic duct 
lymph produced by this animal was continuously collected during an 11 
day period. This quantity of protein is about 7.3 times the normal total 
blood plasma protein of this rat. Furthermore, loss of protein occurred 
at an increasing rate: at the 11th day, the rate had increased 2-fold above 
the initial rate. Despite this great loss, the animal remained alive and 
active. Although there may exist collateral lymphatic circulation, it may 
be stated that newly formed plasma protein molecules can enter the blood 
stream without recourse to the thoracic duct. 


SUMMARY 
1. S**-labeled serum proteins, prepared biosynthetically in a donor dog, 
were introduced intravenously into dogs and rats. At intervals, blood 


‘The mass of protein was obtained by multiplying the protein sulfur by 76.92. 
This factor is an average value obtained experimentally. 
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and thoracic duct lymph samples were taken from the recipient animals 
for protein S** determination. ra 

2. In both the rat and the dog, labeled prdtein appeared rapidly in the 
thoracic duct lymph. 

3. Thoracic duct lymph collected from the recipient rats was not re- 
turned to their circulation. These rats lost, via the thoracic duct, approxi- 
mately two-thirds of the total blood plasma protein per day. 

4. In recipient dogs, the thoracic duct lymph was returned to the general 
circulation by means of a special cannula. Thus, the steady state of 
plasma proteins was not disturbed. The importance of this recirculation 
of lymph is emphasized by calculation of the daily protein loss that would 
otherwise have occurred. Approximately half of the total blood plasma 
protein traverses the thoracic duct per day. 

5. Rat 18 lived for 11 days, despite loss of 10.7 gm. of protein, which 
represents 7.3 times the estimated normal total blood plasma protein of 
this animal. It follows that the thoracic duct is not essential for the 
entry of newly formed plasma protein molecules into the blood stream. 

6. The disappearance of labeled serum protein from the blood stream 
of the dog during the initial rapid phase appears to result from reversible 
exchange between plasma protein molecules in the blood stream and similar 
extravascular molecules. This interpretation is consistent with that made 
in our work previously reported. 
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THE SPECIFICITY OF A CRYSTALLINE STREPTOCOCCAL 
PROTEINASE* 


By MARY J. MYCEK,t STUART D. ELLIOTT, anv JOSEPH 8S. FRUTON 
(From the Department of Physiological Chemistry, Yale University, New Haven, 
Connecticut, and the Hospital of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, March 21, 1952) 


The isolation of a crystalline proteinase (1) from culture filtrates of 
group A streptococci has permitted a closer examination of the specificity 
of this enzyme. Earlier studies (2) had shown that the proteinase ex- 
hibits hydrolytic activity, not only toward proteins but also toward a 
synthetic substrate, benzoyl-L-argininamide (BAA). Since the enzymatic 
action on BAA requires the presence of cysteine, the suggestion was made 
that the proteinase resembles, in some respects, papain and the cathepsins. 
Cysteine-activated papain readily hydrolyzes BAA (3) in addition to other 
synthetic substrates; the proteinase of animal tissues that hydrolyzes 
BAA has been designated cathepsin B (4). 

In the present experiments, a series of synthetic compounds was tested 
as possible substrates of the streptococcal proteinase. It will be noted 
from Table I that, in addition to BAA, the following substances are hy- 
drolyzed by the enzyme: benzoyl-L-lysinamide (BLA), carbobenzoxy-t- 
isoglutamine (CIG), carbobenzoxy-L-isoasparagine, and benzoy]-.-histidin- 
amide (BHA). The extent of hydrolysis was determined by measurement 
of the ammonia formation; the Conway microdiffusion method was em- 
ployed for this purpose (5). Examination of the results given in Table I 
shows that the rate of enzyme action falls off rapidly with time, indicating 
a rapid inactivation of the proteinase under the conditions of these studies. 

With the exception of BHA, the acylamino acid amides mentioned above 
have been reported to be hydrolyzed by papain (6). However, benzoyl- 
glycinamide, which is hydrolyzed by papain, is not a substrate for the 
bacterial proteinase under the conditions employed in these experiments. 
Moreover, it appears that the introduction of a glycyl residue into a sub- 
strate of the proteinase markedly decreases the hydrolysis of the sensitive 
peptide bond. Thus, although BLA and CIG are excellent substrates 
for the enzyme, benzoylglycyl-L-lysinamide (_BGLA) and carbobenzoxy- 
glycyl-L-isoglutamine are resistant to enzyme action (cf. Table I). Sep- 

* This work was supported by grants from the Rockefeller Foundation, the Ameri- 
can Cancer Society (on recommendation of the Committee on Growth of the National 


Research Council), and from the Helen Hay Whitney Foundation. 
t Predoctoral Fellow of the National Institutes of Health. 


ls 
al 
f 
¢ 
f 
4 
r 

637 


638 STREPTOCOCCAL PROTEINASE 


arate experiments, in which the enzyme action on BGLA was followed by 
alkalimetric titration (7), also showed no cleavage of the substrate, thus 
indicating that the CO-NH bond between the glycy] and lysy] residues is 
not hydrolyzed. 

The relative behavior of BLA and of BGLA in the presence of the strep- 


TaB.e I 
Action of Crystalline Streptococcal Proteinase on Synthetic Substrates 
Substrate, 0.05 m; enzyme,* 0.074 mg. of protein N per ml. of test solution; con- 
centration of activator (cysteine), 0.02 m; buffer, tris(hydroxymethyl)amino- 
methane, 0.02 m; temperature, 37.5°. 


Substrate pH Time Hydrolysis 

min. per cent 
Benzoyl-t-argininamide 7.3 30 20 
60 41 
120 69 
180 88 
Benzoyl-.-argininamidet 7.4 180 0 
Benzoy]-t-lysinamide 7.6 60 36 
120 51 
Carbobenzoxy -L-isoglutamine 7.4 30 55 
60 77 
Carbobenzoxy -L-isoasparagine 7.5 30 16 
60 24 
180 51 
Benzoy]-.-histidinamide 8.1 30 24 
60 45 
120 63 
Benzoylglycinamide 7.7 180 0 
Benzoylglycy]-.L-lysinamide 7.4 180 0 
Carbobenzoxyglycy]-.-isoglutamine 7.1 180 0 
L-Argininamide 6.8 180 0 
Glycyl-.-phenylalaninamide 180 0 
Glycylglycylglycine 7.8 180 0 

* A preparation crystallized five times (1) was employed. 
t No cysteine present. 


tococcal proteinase is in decided contrast to earlier findings with crystal- 
line trypsin, which hydrolyzes both of these compounds rapidly (8). In 
fact, BGLA is hydrolyzed by trypsin approximately 10 times as rapidly 
as is BLA. The failure of the streptococcal enzyme to exhibit a similar 
relative specificity underlines the need for caution in the application of 
the “homospecificity” hypothesis (9). The possibility exists that the 
two proteinases act upon BLA to form different types of enzyme-substrate 
compounds. 
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In addition to the substances mentioned above, the following com- 
pounds were tested as possible substrates for the streptococcal proteinase: 
L-argininamide, glycyl-t-phenylalaninamide (GPA), and glycylglycylgly- 
cine (GGG). These substances were found to be resistant to enzymatic 
action. The failure to observe hydrolysis of GPA or GGG indicates that 
the proteinase preparation did not contain enzymes analogous to cathep- 
sin C (4) or to tripeptidase (10). 

The crystalline streptococcal proteinase has been found to be electro- 
phoretically homogeneous over the pH range 5 to 8.5 (11). Also, desoxyri- 
bonuclease activity was not demonstrable in the proteinase preparation 
(after five recrystallizations) when it was tested in a final concentration of 
1.0 mg. per ml. (1). If these results are interpreted as evidence for the 


II 
Catalysis of Hydrozamic Acid Formation by Streptococcal Proteinase 
Substrate, benzoyl-L-argininamide (0.05 m); hydroxylamine, 0.05 m; enzyme con- 
centration, 0.074 mg. of protein N per ml. of test solution; pH 7.5 (tris(hydroxymeth- 
yl)aminomethane, 0.02 m); temperature, 37.5°. 


Time Ammonia liberation Hydroxzamic acid present® 
min. uM per mi. uM per mi. 
30 8.4 0.8 
60 12.6 0.96 
120 18.7 1.2 
180 20.3 1.1 


* Determined in the manner described previously (5). 


presence, in the enzyme preparation, of a single proteinase, it may be con- 
cluded that this proteinase exhibits an unusually broad side chain specific- 
ity. It would appear that the streptococcal enzyme can act at CO-NH 
bonds involving the carbonyl group of an L-arginine, L-lysine, L-glutamic 
acid, L-aspartic acid, or L-histidine residue. In this respect, the protein- 
ase is unique among the crystalline proteinases whose specificity has been 
examined with substrates of known structure. Crystalline papain (12) 
also acts on a variety of synthetic substrates, but its side chain specificity 
appears to be somewhat more narrowly restricted than that of the strep- 
tococcal proteinase. 

In Table II are given data on the catalysis of a transamidation reaction 
by the streptococcal proteinase. Previous studies (5) have shown that 
cysteine-activated papain catalyzes the reaction between BAA and hy- 
droxylamine to form a hydroxamic acid. It will be noted from Table II 
that only small amounts of hydroxamic acid were found; this may be 
attributed to its rapid hydrolysis. A similar result has been observed 
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with trypsin and chymotrypsin, which, like the streptococcal proteinase, 
have their pH optima for hydrolysis near pH 7.5 (13). 

Examination of the data in Table II shows that the rate of hydrolysis 
of BAA by the streptococcal proteinase is lowered by the addition of hy- 
droxylamine (compare with data in Table I). This finding is analogous 
to those obtained earlier with other proteinases that require cysteine as an 
activator (5, 13). 


SUMMARY 


An examination of the specificity of a crystalline streptococcal protein- 
ase has shown it to hydrolyze synthetic substrates at CO-NH bonds in- 
volving the carbonyl group of a variety of L-amino acid residues. The 
presence in the substrate of a glycyl residue appears to inhibit the action 
of the enzyme on a sensitive peptide bond. 
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VOLUMETRIC DETERMINATION OF CALCIUM IN 
BLOOD SERUM 


By WILLIAM E. ELLIOTT 


(From the Research Laboratories, Allis-Chalmers Manufacturing Company, 
Milwaukee, Wisconsin) 


(Received for publication, December 10, 1951) 


Calcium in blood serum is usually determined by precipitation methods 
which involve careful handling techniques. The Clark-Collip (1) modifi- 
cation of the Kramer-Tisdall (2) method has been a standard practice. 
It is based on the precipitation of calcium oxalate and titration with potas- 
sium permanganate. Roe and Kahn (3) developed an indirect deter- 
mination by precipitating calcium phosphate and determining colori- 
metrically the phosphate present in the precipitate. These techniques are 
accurate in the hands of trained analysts, but 2 to 24 hours are required 
for the determination. A simple, rapid, and accurate procedure is greatly 
to be desired. 

In the past 2 years, water laboratories have almost universally adopted 
methods for calcium determination based on the work of Schwarzen- 
bach et al. (4) on the formation of complexes of alkaline earth metals with 
disodium dihydrogen ethylenediamine tetraacetate. The adaptation of 
this reagent to water analysis was made largely by Diehl ef al. (5) and 
Betz and Noll (6). 

Sobel and Hanok (7) have investigated the use of the dye eriochrome 
black T as an indicator for the determination of total calcium plus mag- 
nesium in blood serum, using disodium dihydrogen ethylenediamine tetra- 
acetate as chelating agent. This is carried out in a buffered solution at 
pH 10.0 to 10.5. 

However, at pH 12 ammonium purpurate is a specific indicator for 
calcium, and magnesium does not interfere. This has been shown by 
Betz and Noll (6) and is a well established procedure in water analysis. 

Greenblatt and Hartman (8) have suggested a method for determining 
calcium in very small samples, using a micro burette. However, the 
average titrations would be 0.5 ml. and calculations are more involved. 
For simplicity, accuracy, and ease of calculation the macromethod de- 
scribed below has advantages in the hands of technicians and involves no 
expensive equipment. 

The procedure to be described for the determination of calcium in blood 
serum is a modification of the method for determination of calcium in 


water. 
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EXPERIMENTAL 


Reagents— 

Disodium dihydrogen ethylenediamine tetraacetate, analytical reagent 
grade, Bersworth Chemical Company, Framingham, Massachusetts. 

Ammonium purpurate, “calcium indicator,’”’ was obtained in capsule 
form from the Hagan Corporation, Pittsburgh, Pennsylvania. To pre- 
pare the indicator the contents of one capsule were suspended in 30 ml. of 
distilled water. The indicator was stored in an amber bottle and fresh 
indicator was prepared every 3 to 4 weeks, because ammonium purpurate 
is unstable. 

A 9 n solution of analytical reagent grade sodium hydroxide is used as a 
buffer to adjust the sample to approximately pH 12. 

Calcium carbonate, analytical reagent grade. 

Hydrochloric acid, analytical reagent grade. 

Standardization Procedure—The disodium dihydrogen ethylenediamine 
tetraacetate titrating solution is made 0.001 n by standardization with 
calcium carbonate. It is prepared by dissolving approximately 0.19 gm. 
of reagent grade disodium dihydrogen ethylenediamine tetraacetate in a 
small volume of calcium-free distilled water and diluting this solution with 
calcium-free distilled water to 1 liter in a volumetric flask. This solution 
is standardized against a standard calcium solution so that 1 ml. is equal 
to 0.02 mg. of calcium. 

A standard calcium carbonate solution is prepared with reagent grade 
calcium carbonate dried at 105° for 24 hours. A sample of this calcium 
carbonate weighing 0.2000 gm. is placed in an evaporating dish and dis- 
solved in 1 ml: of concentrated hydrochloric acid. This solution is care- 
fully evaporated to dryness and the calcium chloride formed is dissolved 
in a small amount of calcium-free distilled water. It should be carefully 
transferred to a 1 liter volumetric flask and diluted to the mark. This 
solution is used as a stock solution; 20 ml. of the stock solution are diluted 
to volume with calcium-free distilled water in a 200 ml. volumetric flask. 
This solution contains 0.008 mg. of calcium per ml. 

By means of a pipette, a 50 ml. sample of the calcium chloride solution 
containing 0.008 mg. of calcium per ml. is placed in a 250 ml. Erlenmeyer 
flask. 0.2 ml. of the 9 n NaOH solution and 1 to 2 drops of ammonium 
purpurate indicator are added. The indicator is cherry-red in the pres- 
ence of calcium. The sample is titrated with the approximately 0.001 Nn 
disodium dihydrogen ethylenediamine tetraacetate solution to the purple 
end-point. Unknown samples should be titrated to the same purple end- 
point reached in titrating a blank. 

To facilitate calculations the strength of the titrating solution should 
be adjusted so that 20 ml. are exactly equivalent to a 50 ml. sample of the 


| standard calcium chloride solution. 
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Procedure for Calcium in Blood Serum—A 2.0 ml. sample of clear blood 
serum is transferred by means of a pipette to a 250 ml. Erlenmeyer flask. 
The sample is diluted to 50 ml. with calcium-free distilled water. 0.4 
ml. of 9 nN NaOH solution and 1 drop of ammonium purpurate indicator 
are added. The indicator should be prepared every 3 weeks, because it is 


unstable. 
I 
Calcium Recovery 
Results in mg. per cent of Ca per 100 ml. of serum. 
Sample No. Calcium in blood serum after Difference 
1 9.3 21.8 12.5 
2 9.2 21.7 12.5 
3 10.0 22.7 12.7 
4 9.1 21.7 12.6 
5 8.8 21.3 12.5 
6 9.6 22.2 12.6 
7 10.7 23.2 12.5 
8 10.3 22.9 12.6 
10.2 22.5 12.3 
10 9.4 22.1 12.7 
11 8.7 21.1 12.4 
12 8.8 21.3 12.5 
13 9.4 21.8 12.4 
14 8.1 20.7 12.6 
15 10.1 22.9 12.8 
16 8.0 20.5 12.5 
17 9.5 22.2 12.7 
18 7.9 20.2 12.3 
19 8.3 21.0 12.7 
20 8.1 20.7 12.6 
Il 
Comparison of Serum Calcium Determinations 
Results in mg. per cent of Ca per 100 ml. of serum. 
Sample No. Clark-Collip method (1) New method 
1 8.7 8.9 
2 10.1 10.1 
3 9.6 9.5 
4 9.3 9.2 
5 8.9 9.0 
6 9.3 9.4 
7 9.9 10.0 
8 9.3 9.4 
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The sample is rapidly titrated with constant swirling to the same purple 
end-point reached in a titrated blank. 

Calculation—1 ml. of the titrating solution is equivalent to 1 mg. per 
cent of calcium per 100 ml. of blood serum. 

Analytical Results—After titration of the calcium in each of twenty 
blood serum samples, increments containing 0.25 mg. of calcium were 
added to see whether the recovery of calcium would be complete. These 
results are listed in Table I. 

Further tests were run to check the new method against standard pro- 
cedures. The Clark-Collip (1) method with a potassium permanganate 
titration of calcium oxalate was selected as the most universally accepted 
procedure. Blood serum calcium was determined by both methods. The 
results are contained in Table IT. 


The determination of calcium by rapid titration with disodium dihydro- 
gen ethylenediamine tetraacetate as described shows an average error of 
less than 2 per cent. The average titration consumed less than 5 minutes. 
Time-saving manipulations and calculations indicate that the method will 
be useful in the diagnosis of parathyroid tetany and certain types of ne- 
phritis in which low calcium is a symptom. 

The method is now in use in several Milwaukee hospitals. 


The author wishes to acknowledge the cooperation of Sister M. Chrys- 
antha, O. S. F., and Sister M. Verona, O. S. F., St. Joseph’s Hospital, 
Milwaukee, Wisconsin, for the use of facilities and for obtaining necessary 
blood serum samples. Further thanks for helpful suggestions are due to 
Mr. C. E. Imhoff, Research Supervisor, and Dr. H. K. Ihrig, Vice Presi- 
dent in Charge of Research, Allis-Chalmers Manufacturing Company. 


BIBLIOGRAPHY 


Clark, E. P., and Collip, J. B., J. Biol. Chem., 68, 461 (1925). 

. Tisdall, F. F., J. Biol. Chem., 66, 439 (1923). 

Roe, J. H., and Kahn, B. 8., J. Biol. Chem., 81, 1 (1929). 

. Schwarzenbach, G., Biedermann, W., and Bangerter, F., Helv. chim. acta, 29, 
811 (1946). 

. Diehl, H., Goetz, C., and Hach, C., J. Am. Water Works Assn., 42, 40 (1950). 

. Betz, J. D., and Noll, C. A., J. Am. Water Works Assn., 42, 49 (1950). 

. Sobel, A. E., and Hanok, A., Proc. Soc. Exp. Biol. and Med., 77, 737 (1951). 

. Greenblatt, I. J., and Hartman, 8., Anal. Chem., 23, 1708 (1951). 


4 
4 


UTILIZATION OF C"-LABELED PYRUVATE AND 
ACETATE BY YEAST* 


By CHIH H. WANG, ROBERT F. LABBE,t BERT E. CHRISTENSEN, anp 
VERNON H. CHELDELIN 


(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 
(Received for publication, January 7, 1952) 


The metabolism of pyruvate and acetate has been widely investigated 
in a variety of organisms. Studies of pyruvate fermentation in yeast, as 
well as the aerobic metabolism of both compounds in animals and micro- 
organisms, have established the importance of decarboxylation as an initial 
step in the anaerobic metabolism of pyruvate and of the central position 
of the Krebs tricarboxylic acid cycle as a major pathway of aerobic me- 
tabolism in many species. 

On the other hand, with some important exceptions (1, 2), the mech- 
anisms of conversion of pyruvate and acetate into the carbon skeletons of 
amino acids are less well understood. The work presented in this paper 
has been carried out in preparation for an investigation of these mech- 
anisms, which will be considered in detail in forthcoming publications. 
Since pyruvate is known to be readily converted through decarboxylation 
to acetate or its equivalent, in the present study carbonyl-labeled pyru- 
vate and carboxyl-labeled acetate were employed as substrates for bakers’ 
yeast. A comparison of the over-all metabolism of the two substrates is 
made, with special reference to their relative utilization, the growth re- 
sponses, production of ethanol, acetaldehyde, and CQO:, and the distri- 
bution of radioactivity among these metabolites. 


EXPERIMENTAL 


Synthesis of C“-Carboryl-Labeled Acetic Acid and C-Carbonyl-Labeled 
Pyruvic Acid—Sodium acetate (137 mg.) with a specific activity of 3.70 
X< 10° ¢.p.m. per mm was synthesized according to the method of Clay- 
comb et al. (3). Yield, 74 per cent on the basis of barium carbonate. The 
acetate was later diluted as desired with unlabeled acetate for use as sub- 


* This research was supported by contract No. AT (45-1)-301 from the Atomic En- 
ergy Commission. Published with the approval of the Monographs Publication 
Committee, Research paper No. 194, School of Science, Department of Chemistry. 
A portion of the work described herein is taken from the thesis presented by Robert 
F. Labbe for the degree of Doctor of Philosophy at Oregon State College, 1951. 

t Present address, Department of Biochemistry, College of Physicians and Sur- 
geons, Columbia University, New York. 
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strate in the fermentation experiments and also as starting material for 
the synthesis of pyruvic acid. 

The carbonyl-labeled pyruvic acid was synthesized by the conversion of 
(diluted) carboxyl-labeled acetate to pyruvonitrile (4), and then to pyru- 
vamide (5). The pyruvamide was immediately hydrolyzed in 2 n hydro- 
chloric acid and the pyruvic acid isolated by ether extraction and distil- 
lation under reduced pressure (6). The fraction boiling at 60-63° at 10 
mm. was collected. Purity of this fraction was confirmed by colorimetric 
assay (7). Yield, 4.35 gm. (42 per cent of theory, based on the sodium 
acetate used); activity, 1.85 10° c.p.m. per mM. 

Measurement of Radioactivity—The methods used to measure the radio- 
activity of various types of samples were essentially the same as those 
described in a previous paper (8). Activities of sodium acetate, pyruvic 
acid, yeast, and carbon dioxide produced in the fermentation process were 
counted as barium carbonate and expressed as counts per minute after 
being corrected for background and self-absorption. Other samples, such 
as the yeast fermentation media, were deposited and counted directly in 
cupped metal planchets after evaporation. Appropriate aliquots (usually 
about 0.1 ml. each, with total activities of about 1000 c.p.m.) were used. 
Although the content of inorganic salts of the samples of media was rela- 
tively high and the resulting activities were thereby reduced owing to 
increased self-absorption, preliminary experiments indicated the method 
to be suitable for control and comparative purposes. 

Determination of Glucose—This compound was determined iodometri- 
cally by the method of Shaffer and Somogyi (9). 

Determination of Pyruvic and Acetic Acids—The colorimetric method of 
Friedemann and Haugen (7) was used for the assay of pyruvic acid in the 
fermentation medium. Acetate was determined by steam-distilling a 100 
ml. aliquot of medium in the presence of sulfuric acid and magnesium sul- 
fate. The distillate was titrated with standard alkali and the radioac- 
tivity of the neutral solution determined after direct deposition. The 
specific activity of the distilled acetic acid after fermentation indicated 
that it was not diluted by other volatile organic acids, nor by acetic acid 
from other sources. 

Determination of Ethanol and Acetaldehyde—Ethanol produced during 
fermentation was analyzed by steam-distilling a 100 ml. aliquot of the 
medium in the presence of alkali and analyzing the distillate iodometri- 
cally (10). Radioactivity of the ethanol was determined after its oxida- 
tion to acetic acid, steam distillation of the latter compound, titration, 
and counting by direct deposition. 

Acetaldehyde was assayed only by measurement of the radioactive 
dimedon solution in which it was trapped. The moles of acetaldehyde 
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present were calculated, assuming that this compound had the same spe- 
cific activity as the pyruvic acid added. This seemed justified, since the 
ethanol produced had the same specific activity. 

Apparatus—The apparatus consisted of a 3 liter 3-necked round bottom 
flask, with attachments as follows: A mercury-sealed paddle stirrer was 
attached in the center neck, together with an outlet tube for gas and leads 
for a pair of electrodes to be used in determining the pH of the medium. 
A small dropping funnel was inserted through each side neck for adding 
acid or base as needed, together with a 3? inch stainless steel baffle to pro- 
mote turbulent motion of the medium. Entering also through one side 
neck was an aeration tube with a sintered tip extending to the bottom of 
the flask beneath the stirrer, whereas the other side neck was equipped 
with a tube for the removal of samples during fermentation. 

The rate of aeration was determined by passing the inlet gas through a 
manometer type flow meter. The gas was then led through a soda lime 
tower and finally filtered through a sterilized cotton tube before entering 
the culture flask. Acetaldehyde and carbon dioxide leaving the flask were 
dispersed through a sintered glass tube into 500 ml. of saturated dimedon 
solution and then scrubbed through two 225 ml. portions of 3 n NaOH. 

Growth of Yeast—The organism, Saccharomyces cerevisiae, was obtained 
by isolation from a cake of Fleischmann’s bakers’ yeast. Stock cultures 
were carried on malt-agar slants.' 

Organisms to be used for metabolic studies were carried through three 
stages of growth, as follows: (1) A loop of cells (about 5 mg.) from the 
stock slant was inoculated into 50 ml. of sterile medium containing malt 
extract 200 gm., KH,PQO, 2 gm., and urea 1 gm. per liter. (2) After in- 
cubation for 16 hours at 30°, this 50 ml. culture was used to inoculate the 
remaining 950 ml. of medium. The pH during the second incubation 
period was maintained at 4.0 to 4.5 through occasional addition of 
NH,OH. After completion of growth, the culture was centrifuged and 
the cells washed twice with cold distilled water. (3) 10 gm. of wet cells 
were inoculated into 1 liter of a medium? containing glucose as the source 
of carbon. The culture was stirred at 400 r.p.m., gassed with oxygen, 
air, or nitrogen at 100 ml. per minute, and maintained at pH 4.0 to 4.5 
through addition of 3 n NaOH. After 4 hours incubation at 30°, at which 
time all of the glucose was utilized (see Fig. 1), the cells were centrifuged 


1 The composition of the agar was Blue Ribbon malt extract 10 gm., KH;PO, 0.2 
gm., agar 1.5 gm., tap water to 100 ml.; pH 4.8. 

* The composition of this medium was glucose 18 gm., (NH,):SO, 2.5 gm., NaCl 
2gm., KH;PO, 2 gm., MgSO,-7H,O 250 mg., CaCl;-2H,O 250 mg., H;BO; 1 mg., ZnSO, 
1 mg., MnSO,-4H;,O 1 mg., FeCl; 1 mg., TIC]; 0.5 mg., CuSO,-5H,0 0.1 mg., KI 0.1 
mg., Bacto-yeast extract 100 mg., distilled water to 1000 ml. (see also Snell e¢ al. (11)). 
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and washed twice with cold distilled water. Such cells were uniformly 
viable and were essentially free of glucose (and presumably also poly- 
saccharides). They were able at this stage to utilize pyruvate readily 
(Fig. 1), whereas organisms that had not been depleted of glucose would 
not metabolize pyruvate. 

Incubation with Pyruvate or Acetate—Immediately following the 4 hour 
incubation period with glucose, the yeast cells were centrifuged and washed 
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Fic. 1. Glucose fermentation by yeast. Glucose disappearance and pyruvic acid 
formation. 


as before. The entire crop (4.0 gm., dry weight equivalent) was inoculated 
into 1 liter of fresh medium,? in which the glucose was replaced by 20 mm 
of labeled pyruvate or acetate. The system was incubated as above for 
4 hours in oxygen or 5 hours in nitrogen to allow complete utilization of 
pyruvate. Cells were then harvested by centrifugation, washed twice 
with distilled water, dried in vacuo over sodium hydroxide, and retained 


for subsequent degradation and analysis. 
RESULTS AND DISCUSSION 


Utilization of Glucose-Pyruvate Mizxtures—Attempts to obtain utilization 
of isotopic pyruvate in the presence of non-isotopic glucose by growing 
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cultures failed, since activity of the medium and the chemically deter- 
mined pyruvate content remained virtually undiminished until the glucose 
was fully utilized (diauxie (12)). Shortly thereafter, the yeast cells became 
radioactive coincident with pyruvate disappearance. Sperber and Runn- 
strém (13) observed similar inhibition of pyruvate uptake by glucose in 
other yeasts, although Brechot and Haag (14) obtained utilization of py- 
ruvate after the 4th day of a 13 day fermentation of glucose. 

Although added pyruvate did not equilibrate with metabolizing glucose 
intermediates, pyruvic acid is formed from glucose during fermentation 
(14-16). The curves in Fig. 1 indicate the extent of its formation under 
oxygen, air, or nitrogen atmosphere. Practically no free pyruvate ac- 
cumulated under anaerobic conditions, but with increasing oxygen tensions 
up to 4 mM accumulated from 100 mo of glucose. The aerobic accumula- 
tion may have been caused in part by reduced cocarboxylase activity at 
high oxygen tensions (17). 

Inspection of the glucose utilization curve reveals that the reaction was 
of zero order, 7.e., it was independent of substrate concentration until 
the latter reached a very low value. This behavior is consistent with the 
belief that glucose enters the cell by active enzymatic transfer. The rate 
of anaerobic utilization (not shown in Fig. 1) was practically identical 
with the aerobic rate, indicating that this transfer is unaffected by oxygen. 

Utilization of Pyruvate and Acetate—The curves in Fig. 2 relate the rates 
of utilization of pyruvate and acetate, with the glucose-grown yeast de- 
scribed in the experimental section together with 20 mm of either sub- 
strate in 1 liter of medium. Pyruvate was completely removed in less 
than 4 hours in the presence of oxygen, although about 5 hours were needed 
for full utilization anaerobically. (This may be due to reduced permea- 
bility in the absence of oxygen (18).) Acetate, on the other hand, was only 
39 per cent removed at the end of 4 hours (5.4 hours calculated for 50 per 
cent utilization). Also, whereas pyruvate, like glucose, disappeared ac- 
cording to a zero order reaction (with a slope practically identical to that 
of the glucose curve), the acetate utilization rate decreased uniformly with 
time. The data fit best a reaction of second order, and hence the rate 
depends not only upon the concentration of acetate but also of another 
reactant. This would suggest that acetate may have entered the cell 
through a non-enzymatic process such as diffusion, and that a condensing 
partner (e.g., oxalacetate) may have been limiting. The latter possibility 
recalls the observation (19) that fumarate enhances the rate of utilization 
of acetate by yeast. 

Metabolism of Pyruvate and Acetate—Further comparisons between py- 
ruvate and acetate in yeast are made in Table I, where determinations of 
several metabolic products are presented. As expected (20), no ethanol 
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appeared in the acetate medium. Also as expected, ethanol production 
from pyruvate was greater anaerobically than in oxygen; up to 4 mm 
were produced from 20 mm of substrate. The specific activity of the 
ethanol from each experiment was virtually the same as that of the pyru- 
vate used (1.8 X< 10* c.p.m. per mM); so it may be concluded that all of 
the ethanol arose directly from pyruvic acid. Acetaldehyde was found 
only in the aerobic pyruvate medium, but this is not surprising, inasmuch 
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Fic. 2. Utilization of CH;C“OCOOH and CH;C“OOH by yeast 


as this compound would serve as a major hydrogen acceptor under anaer- 
obic conditions. 

A major difference in acetate and pyruvate consumption by the organism 
is indicated by comparison of the yeast crops. Over 400 mg. of net growth 
(dry weight) took place in both of the pyruvate experiments, corresponding 
to incorporation of about 17 mm of carbon, or the equivalent of 5 to 6 mm 
of pyruvate. On the other hand, the organism failed to grow significantly 
on acetate (20 mg. recorded gain). In spite of this, 39 per cent of the 
acetate disappeared from the medium, 9 per cent was incorporated into 
the yeast, and 24 per cent appeared as respiratory CO,. The specific 
activity of the CO, formed was only one-half of the carbon in the acetate 
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used (one-fourth that of the acetate), and it thus appears that considerable 
exchange occurred between the products of acetate metabolism and inter- 
mediary cellular metabolites. Similar turnover evidently occurred in both 
pyruvate experiments, since the specific activity of the carbon was diluted 


| 
Analysis of Fermentations of Pyruvate and Acetate by Yeast 


Substrate 1.64 37.0 1.851001.76 37. 01.85 76 37.0 1.85 100 
Medium | | | | | | 
Acids and non- 22.7 61 3 28 | 7 
volatile* | | pay | | | | | | 
Ethanol 00.026 1.01.77 30.186 7.6 1.87 20 
Acetaldehyde 0 00.082t 3.51.87f 90 0 
Carbon dioxide 8.8 0.46 241.70 18.40.48 501.21 | 8.6 0.31 23 
Yeast 4.02 3.3 94.44 14.2 384.44 15.6 42 
Carbon assimi- 0.0 0.23 0.23 
Radioactivity re-— | 103 | 
covery | | | a | | 


* Chiefly acetic acid. 

t Calculated from the radioactivity, assuming that the specific activities of acet- 
aldehyde and pyruvic acid were equal. 

t Calculated by taking the value for carbon content of yeast as approximately 50 
per cent. 


from 6.2 X 10° to 4.8 X 10° and 3.1 X 10° ¢.p.m. per mM in the aerobically 
and anaerobically respired 

The close similarity of several features of aerobic and anaerobic pyruvate 
metabolism is somewhat unexpected. The anaerobic values have been 
checked in separate experiments with non-isotopic pyruvate, by means of 
nitrogen passed through four alkaline pyrogallol absorbing towers; the 
yield of CO,, the rate of utilization of pyruvate, and the formation of 
pyruvate from added glucose were virtually identical with the amounts 
listed here. A part of the energy needed under anaerobic conditions for 
the synthesis of new yeast may have come from intermediates stored 


Acetate Pyruvate Pyruvate 
Oxygen Oxygen Nitrogen 
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within the cells at the end of the culturing period in glucose. Whatever 
the major source of biosynthetic energy may have been, it evidently was 
not limiting, since the anaerobic growth equaled the aerobic. Finally, 
the results indicate that, although anaerobic conditions were favorable 
to ethanol production, there was an even greater diversion of pyruvate 
into yeast growth (5 to 6 mm) than into ethanol (4 mm). Details of this 
conversion into aspartic acid and other amino acids will be presented 
elsewhere. 
SUMMARY 


The utilization by bakers’ yeast of CHs;C“OCOOH and CH,;C“OOH has 
been studied. 

Although pyruvate could not be metabolized in the presence of glucose, 
it was readily assimilated when the yeast was first grown on glucose and 
then transferred to a pyruvate medium. Under these conditions, pyru- 
vate was utilized much more rapidly than acetate, and according to a dif- 
ferent kinetic pattern; disappearance of pyruvate proceeded linearly with 
time according to a zero order reaction, whereas the rate of acetate utiliza- 
tion diminished with time, approximating a reaction of the second order. 

No acetaldehyde was formed from acetate or from anaerobic pyruvate 
fermentation. Ethanol was formed anaerobically from pyruvate, the spe- 
cific activities indicating that it arose directly, without dilution from other 
sources. 

About one-third of the carbon atoms from pyruvate was assimilated 
into the yeast cells, whether in oxygen or nitrogen. Acetate did not 
produce growth; nevertheless about one-tenth of the total radioactivity 
was incorporated into the yeast, thus indicating a considerable degree of 
exchange between the products of acetate metabolism and intermediary 
cellular metabolites. 
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A study of the utilization of CH;C“OCOOH and CH;C“OOH by yeast 
has revealed significant differences in the rate and manner of disappear- 
ance of these substances from the growth medium, as well as in yeast 
growth (1). Since tagging of the two compounds in the manner indicated 
would render all pyruvate molecules equivalent to acetate after decar- 
boxylation and oxidation, the extent of their equivalence in anabolic proc- 
esses can be readily evaluated. The results presented herein point to 
relatively large variations in the conversion of these substrates to fatty 
acids, humin, and amino acids. 

EXPERIMENTAL 


Source of Yeast—The organism used was Saccharomyces cerevisiae 
(bakers’ yeast). It was obtained as a result of fermentations of carboxyl 
C-labeled acetate in oxygen and carbonyl C-labeled pyruvate in oxygen 
and in nitrogen according to procedures already described (1). 

Hydrolysis and Extraction of Yeast—3 gm. of dried yeast were ground in 
a mortar and then extracted with ether for 24 hours in a Soxhlet appara- 
tus to remove the “free fat.” The extracted yeast was hydrolyzed in 30 
ml. of 20 per cent HCI for 24 hours and reextracted with ether for 24 hours. 
The humin fraction was removed by filtration and freed completely from 
fatty materials by an 8 hour extraction with ether. The ether extract of 
humin was combined with the ether extract of the HC] hydrolysate, and 
the ether evaporated. The total fraction was referred to as “bound fat.” 

Saponification of Fat—The mixture of lipide material constituting the 
“bound fat” fraction was refluxed for 2 hours in 5 per cent alcoholic KOH. 
The alcohol was evaporated in vacuo, the residue dissolved in water, and 
the aqueous solution extracted 48 hours with ether. The ether solution 


* This work was supported by contract No. AT (45-1)-301 from the Atomic En- 
ergy Commission. Published with the approval of the Monographs Publication 
Committee, Research paper No. 195, School of Science, Department of Chemistry. 
A portion of the work described herein is taken from the thesis presented by Robert 
F. Labbe for the degree of Doctor of Philosophy at Oregon State College, 1951. 

t Present address, Department of Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York. _ 
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Scheme for Separation of Arginine, Tyrosine, Aspartic Acid, and Glutamic Acid 
from Yeast Protein Hydrolysates 


| Defatted protein hydrolysate, HCl-free | 


Amberlite IRA- 
400 column 
Effluent |  Eluate (with 2» HCl) 


[Evaporate in vacuo] 


All amino acids ex- 
cept arginine 


| 
3-Amberlite IR-4B 
columns in series 


| Eluate (with 2 x HCl) 


Neutral amino acids + lysine [Evaporate in vacuo] 


and histidine, tyrosine 70%* 


Aspartic acid 90%* 
Concentrate in vacuo; Glutamic acid 827%° 
cool at pH 58 
| 


[Ca(OH),] 


Pate then | 
CuCO, (ef. (10)) 


Lysine, histidine, all neutral 
amino acids except tyrosine 


Copper Glutamic 
aspartate acid 
| 
[HCI gas] 
| 
Glutamic acid 
hydrochloride 


* Per cent recovered. 


[Arsinine 
Arginine 90%* | 
Concentrate in vacuo; [ 
Argini ni | 
Effluent 
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was then “back-extracted” in a separatory funnel with five 30 ml. portions 
of 0.56 N KOH (2), leaving only the unsaponifiable fraction in the ether. 
The combined KOH solutions were acidified with H:SO, and the saponifi- 
able fat fraction removed by 48 hours continuous ether extraction. 

Saponification of the ‘free fat” fractions was not attempted because of 
the small quantities available. 

Isolation of Amino Acids—To date, arginine, tyrosine, aspartic acid, 
and glutamic acid have been obtained in pure form from the HCl hydroly- 
sate. The scheme for their separation, with ion exchange columns, is 
given in the accompanying diagram. Controls were maintained on elu- 
ates and effluents throughout the column operations by radioactive assays, 
ninhydrin spot tests, and microbiological assays. The yield of each amino 
acid (in solution) was also determined by microbiological assay, after 
which it was precipitated as follows: (a) arginine as the flavianate (m.p. 
260°, corrected, with decomposition); (b) aspartic acid as the copper salt 
(Cu calculated for CsHs,O,NCu-2H,O 27.55 per cent; found 27.70); (c) 
tyrosine by 5-fold dilution with non-isotopic L-tyrosine and crystalliza- 
tion from water; (d) glutamic acid by 10-fold dilution with non-isotopic 
t-glutamic acid, followed by crystallization as the hydrochloride from 
concentrated HCl. 

Measurement of Radioactivity—The radioactivities of the yeast, humin, 
saponifiable fat, and four amino acids were determined by combustion 
and counting as BaCQ;, with correction for background and self-absorp- 
tion in the conventional manner. Alcoholic solutions of the free fat and 
benzene solutions of the unsaponifiable fraction were counted by direct 
deposition of appropriate aliquots into cupped metal planchets, followed 
by evaporation of the solvent. Activity was expressed as counts per 
minute after being corrected for background and self-absorption. 


RESULTS AND DISCUSSION 


The degree of incorporation of radioactivity into the yeast cells and the 
various yeast fractions is recorded in Table I. Inasmuch as extensive 
growth occurred on pyruvate and the utilization of the substrate was 
complete, whereas insignificant growth and only 39 per cent utilization 
of the substrate were obtained with acetate (1), it is not surprising to find 
that the total radioactivity of either pyruvate yeast sample was about 4 
times that of the acetate yeast. Therefore, in order to obtain a better 
picture of the relative incorporation of activity into the various fractions, 
the specific activities have been given, not only per mg. of each sample, 
but also per mg. of each sample per millimole of substrate metabolized. 
The latter values are listed in the fourth column of data for each yeast 
sample in Table I. 


a 
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When the activities of the yeast samples and fractions were compared 
on this revised basis, it was still evident that the two pyruvate yeast sam- 
ples contained greater activity than the acetate yeast (159, 175, and 105 
c.p.m. per mg. of yeast per millimole of substrate, respectively). In the 
protein fractions, the discrepancy was even greater, with counts of 124 
and 131 per minute for the pyruvate yeast compared to 65 for the acetate 
sample. 

In contrast to these observations, it was found that the incorporation 


TaB.e I 
Radioactivity Distribution of Various Yeast Hydrolysate Fractions 


— | ton 
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Fraction 
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Whole yeast 3000100 820105 3000 100 3180 159 3000100 175 
HC! hydrolysate, 2790 57.7 510 65. 3.2050 76.5) anne 124 2750 68.5 2620! 131 


ether-extracted | | 
Humin 245° 3.7 367 47.1 243 3.6. 1440 72 (255 3.8 1 78 
Free fat 23 «2.0 2175 279 34 3230 161 31 1.1 3820 191 
Bound fat | | | 


Saponifiable | 26.4. 1880241 635 15.5 2340 117 553 15.5 2040 147 
Non-saponifiable 15 0.6 998128 35 0.3 820 42) 26 0.4 1740 87 
Recovery, % 90 | 130 97 117 89 


° Specific radioactivity expressed as counts per minute per mg. of substance for 
each millimole of substrate metabolized. For the quantity of substrate metabo- 
lized, see Wang ef al. (1). 


of radioactivity into the yeast lipides was much greater from acetate. 
Throughout the free and bound fat, as well as the steroid (non-saponi- 
fiable) fractions, the ratios of activity were about 2 to 1 in favor of the 
acetate samples. In the pyruvate yeasts, the specific activities of fat and 
protein fractions were somewhat similar, with extremes ranging from 117 
to 191 c.p.m. per mg. per mm of pyruvate. The contrasts exhibited be- 
tween acetate and pyruvate metabolism were therefore chiefly a reflection 
of the great variations between acetate incorporation into protein (65 
¢.p.m.) and into fat (282 c.p.m. per mg. per mM of acetate). Whether the 
more regular pattern in the metabolism of pyruvate is due to the fact that 
considerable net growth took place, equal to about one-third of the total 
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pyruvate added (1), is unknown. It is clear that the exchange reactions 
which occurred between the products of acetate metabolism and inter- 
mediary cellular metabolites were much more rapid with respect to fat 
than protein. In view of the well known ready interconvertibility of 
acetate and fatty acids (3), the rapid uptake of acetate activity into the 
lipide fractions in these experiments is not surprising. 

The unsaponifiable fractions, consisting mainly of steroids, are of in- 
terest because of their low radioactivities. They ranged from 128 c.p.m. 
per mg. per mo of acetate used to only 42 c.p.m. from the aerobic pyruvate 
experiment. This would indicate that the turnover rate is slower among 
the steroids than among the fats. 

The humin fractions contained very little activity, particularly from 
acetate. Without information on the radioactivity of tryptophan, it is 
impossible at present to tell whether this lower value reflects low trypto- 
phan activity in the acetate yeast or a synthesis of active carbohydrate 
from the administered pyruvate. 

Data for the contents and distribution of activities among arginine, 
tyrosine, glutamic acid, and aspartic acid are recorded in Table IJ. Al- 
though the contents of tyrosine, and to a lesser extent aspartic acid, were 
fairly uniform among the three yeasts, the glutamic acid and arginine 
contents were appreciably higher in the pyruvate samples. The high 
levels of glutamic acid (7.6 and 9.7 per cent in the pyruvate yeasts) were 
accompanied by higher specific activity, indicating that over one-third 
of the total activity of the pyruvate yeast was contributed by this com- 
pound. No control (cultured on glucose (1), but not allowed to ferment 
pyruvate or acetate) was included; therefore the differences in glutamic 
acid content between the present yeasts and the ‘“‘normal”’ yeast cannot be 
given. A “normal” sample tested later under simulated conditions con- 
tained 7.4 per cent glutamic acid, whereas a commercial sample contained 
5.4 per cent. It is evident that the glutamic acid content of yeast is vari- 
able, perhaps even more so than in animal tissues (4), and much more so 
than the contents of many other amino acids in microorganisms (5, 6). 
The high concentration of this compound after pyruvate fermentation is 
a major consequence of pyruvate metabolism; roughly one-half of the 400 
mg. difference in weight between the pyruvate and acetate samples (1) 
is represented by glutamic acid. The acetate sample, on the other hand, 
may actually have been depleted in glutamic acid during oxidation of the 
substrate. 

The specific activities of arginine (per millimole of substrate) were fairly 
uniform throughout the three yeast samples, suggesting that pyruvate and 
acetate may be considered equivalent precursors for the carbon chain of 
this amino acid. Confirmation of this suggestion must await degradation 
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of the arginine from each sample of yeast so that the intramolecular dis- 
tribution of activities may be compared. 

Tyrosine from aerobic pyruvate may be seen from Table II to possess 
more than 3 times as great activity per millimole of substrate utilized as 
tyrosine from acetate. Likewise, aspartic acid was about twice as active 
from aerobic pyruvate. Preliminary experiments indicate that the car- 
boxyl group of tyrosine is much more active when derived from acetate, 
whereas with pyruvate as substrate a major portion of the activity resides 
in the amino carbon. Likewise, aspartic acid from pyruvate is strongly 
labeled in the amino carbon, whereas from acetate only carboxy! labeling 
occurs (7). 

It is evident that, under the conditions of the experiment, the routes of 
metabolism of pyruvate and acetate may diverge frequently in yeast. 


II 
Specific Radioactivity of Amino Acids from Yeast 


Acetate, aerobic Pyruvate, aerobic Pyruvate, anaerobic 
Specific | Content in| Specific. | Content in] Specific, | Content in 
ectivity® | yeast | activity® yeast | activity* yeast 
X 108 per coat X 108 percent \c.p.m. X 108 per cent 
0.72 £29 0.90 3.8 0.60 4.1 
ea 0.62 1.1 2.45 1.4 0.95 1.2 
Glutamic acid ......... 5.38 4.2 7.20 7.6 10.3 9.7 
Aspartic “ .......... 151 5.2 2.55 5.3 2.05 6.2 


ne Counts per minute per millimole per millimole of substrate metabolized. 


This is of course well established for many types of organisms (8). The 
objection may be raised that the differences observed here may be in- 
fluenced or even produced by the failure of the yeast to grow significantly 
on acetate; however, the intramolecular distribution of activity observed 
under these conditions for aspartic acid from acetate (7) duplicates the 
distribution recorded by Ehrensvird and coworkers (9) in a strain of 
Torula yeast that had become adapted to growth on acetate, and it seems 
safe to assume that the differences reflect variations in the principal path- 
ways of metabolism of the respective substrates. Details of the mech- 
anism of conversion of these compounds to amino acids will be presented 
in future publications. 


SUMMARY 
Samples of bakers’ yeast which had been permitted to metabolize CH;- 


C¥OCOOH or CH;C“OOH were fractionated and compared with respect 
to the degree of incorporation of C™ into the fat, steroid, humin, and pro- 
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tein fractions. The isotopic labeling from pyruvate was relatively uni- 
form in the fat and protein fractions, with somewhat less radioactivity 
in the steroids and humin. Labeling from acetate, on the other hand, was 
about 4 times as great in the fats as in the proteins, and the fat fractions 
from acetate exhibited about twice the activity of the fats from pyruvate. 
Humin from acetate yeast had very low activity. 

Arginine from acetate and pyruvate contained about the same specific 
activity per millimole of substrate utilized. However, tyrosine, glutamic 
acid, and aspartic acid were considerably more active when derived from 
pyruvate, and the intramolecular distributions of these activities appeared 
to differ, indicating that the biosynthesis of these compounds proceeded 
by different pathways from the respective substrates used. 
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CONVERSION OF ACETATE AND PYRUVATE TO 
ASPARTIC ACID IN YEAST* 


Br CHIH H. WANG, RICHARD C. THOMAS, VERNON H. CHELDELIN, ano 
BERT E. CHRISTENSEN 


(From the Department of Chemistry, Oregon State College, Corvallis, Oregon) 
(Received for publication, January 7, 1952) 


Recent investigations by Ehrensviard ef al. (1) have revealed that the 
carbon skeleton of aspartic acid in Torula yeast can arise readily from 
administered acetate. With C"H;C“OOH, the aspartic acid formed 
during growth contained C™ equally distributed between the two carboxy] 
groups, and most of the C" equally distributed between the 2 central car- 
bon atoms. In the preceding papers (2, 3) the utilization of CH;C“OOH 
and CH;C“OCOOH by bakers’ yeast has been compared, and have re- 
vealed that the incorporation of radioactivity into yeast protein is greater 
from pyruvate than from acetate. 

Although the major energy-yielding pathway of pyruvate metabolism 
appears to proceed through “active” acetate as an intermediate, points of 
divergence are known to exist in anabolic processes (4). The fixation of 
CO; or its equivalent by pyruvate (5, 6) is one example. Since the extent 
to which pyruvate and acetate may follow a common pathway in the 
synthesis of yeast protein is unknown, the present study has been designed 
to establish this point: similar routes of metabolism would be reflected in 
similar patterns of distribution of activity in amino acids derived from 
carbonyl-labeled pyruvate and carboxyl-labeled acetate. The results de- 
scribed below indicate that, although aspartic acid from the acetate yeast 
bore the same C™ distribution as that reported by Ehrensviird et al. (1), 
pyruvate produced a high degree of labeling in the amino carbon, suggest- 
ing that the Wood-Werkman (5) or some similar reaction (6) was operative 
to a major extent. | 


EXPERIMENTAL 


Use was made of the yeast fractions prepared previously (2, 3), in which 
CH;C“OOH and CH;C“OCOOH were administered as sole carbon sources 
to cultures of Fleischmann’s bakers’ yeast. The pure radioactive copper 
aspartate obtained was diluted with inert aspartic acid as desired for the 
following degradation studies: (1) combustion to carbon dioxide for total 

* This research was supported by contract No. AT (45-1)-301 from the Atomic En- 
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radioactivity; (2) ninhydrin decarboxylation for the sum of a- and £-car- 
boxyl groups; (3) preferential decarboxylation at 35° with chloramine-T 
for the radioactivity of the individual carboxyl groups (the a-carboxy] is 
discharged 4 times as rapidly as the 6-carboxyl (1)); (4) combustion of the 
2 ,4-dinitrophenylhydrazone of acetaldehyde (representing the methylene 
and amino carbons) obtained by means of sodium hypochlorite oxidation 
of aspartic acid (7); and (5) combustion of iodoform obtained directly by 
means of sodium hypoiodite oxidation of aspartic acid (for the methylene 
carbon). In the sodium hypoiodite oxidation, an amount of radioactive 
copper aspartate calculated to furnish about 100 c.p.m. per counting sam- 
ple was diluted with inert aspartic acid to 1 mm. The mixture was treated 
at 60° for 12 hours in a tightly closed flask with 0.8 ml. of 50 per cent 
KOH and 15 ml. of 10 per cent iodine in 10 per cent KI solution. At the 
end of this period the iodoform crystals were collected in a sintered glass 
crucible and recrystallized from a,methanol-water mixture. 

Radioactivity of carbon was determined as barium carbonate in the con- 
ventional manner; counting data were corrected for background and self- 
absorption. The radioactivities of the various fractions or carbon atoms 
of aspartic acid were expressed on the basis of 1 mm of aspartic acid. 


RESULTS AND DISCUSSION 

The intramolecular distribution of activities in aspartic acid from ace- 
tate and pyruvate yeasts is given in Table I. 4 gm. of yeast were inocu- 
lated into each medium at the start of the experiments. 

The conversion of acetate to aspartic acid resulted in C™ incorporation 
exclusively in the carboxyl groups, in agreement with the observations of 
Ehrensvird ef al. (1). These workers have pointed out that it is possible 
to explain the equal carboxy! labeling in aspartic acid through operation 
of the citric acid cycle; Weinhouse and Millington (8) have also provided 
evidence for cyclic activity in Fleischmann’s yeast during the oxidation 
of acetate. However, during growth, when oxalacetate is being removed 
by conversion to aspartic acid, some other means must be available to 
supply C, acids. An extended reversal of the cycle is ruled out, since the 
fixation of radioactive metabolic CO, into C,, Cs, or Ce. acids would pro- 
duce isotopic labeling in the central carbon atoms of aspartic acid. There- 
fore, if the cycle is to operate as postulated, it appears necessary to supply 
the C, acids through a preliminary tail to tail condensation of acetate. 
Such a condensation (9, 10) would provide the observed C™ distribution 
in aspartic acid, even in the absence of Krebs cycle activity. The C, 
acids, once formed, might equilibrate to some degree with pyruvate, as 
postulated by Cutinelli et al. (11) for Escherichia coli; in this way metabolic 
CO, from C“H;C“OOH used in their yeast growth experiments would be 
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fixed into the C, carboxyls, contributing C" as well as C™ to these groups 
(1). 

In contrast to the foregoing picture, aspartic acid from pyruvate pos- 
sessed a high degree of central carbon labeling. In the aerobic sample, 
the amino carbon alone bore 55 per cent of the total activity of the as- 
partic acid molecule. If this carbon atom is assumed to correspond to 
the carbonyl of the administered pyruvate, it then appears that fixation 
of a single carbon unit occurred, such as might be expected from the action 


TaBLe I 
Distribution of C“ in Aspartic Acid from Yeast Utilizing CH,C“OOH or 
CH ,C“OCOOH 
Radioactivity 
Group 

Aerobic acetate | Aerobic pyruvate Anaerobic pyruvate 

Whole molecule..................... 1.17 100 5.08 100 = 44.12 100 
1.13 97 | 1.96 39 2.58. 68 
a-COOH (Ehrensviird et al. (1))....' 0.60 51 80 16 ..18 29 
8-COOH ( 0.61 52 «1.19 | 1.2 31 
Methylene + amino C (Langheld | 

0 0 3.16 62 | 1.70 41 

Amino C (difference)............... 0 0 2.80 55 1.27 31 


* All samples counted as BaCQ;, corrected for background and self-absorption, 
and expressed as counts per minute per millimole of degradation product oxidized. 

t By ninhydrin decarboxylation. 

t Specific activity expressed as counts per minute per 2 mM of C (equivalent to 
1 mo of aspartic acid). 

§ By NaOlI oxidation followed by combustion of CHI,; see the experimental 
section. 


of the “malic” enzyme (6) or the Wood-Werkman reaction (5). Labeling 
in the carboxyl groups, on the other hand, suggests that some of the as- 
partic acid was produced via the “active” acetate pathway, although a 
part (equivalent to 0.36 < 10° counts) could have arisen from cycling of 
the C, acids formed by C;-C; fixation. The somewhat higher activity in 
the 8-carboxy! over the a-carboxyl group can be explained by 2 fixation of 
metabolic CO, or its equivalent into C, acids, followed by transamination. 
(No excess isotope could remain in the 8-carboxyl after Krebs cycle ac- 
tivity, since this group would be discharged in the degradation of a-keto- 
glutarate and would reappear as a randomly labeled product of fumarate 
oxidation.) Finally, the presence of a small amount of isotope in the 
methylene carbon can be ascribed to equilibration of the central carbons 
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of the C, acids arising from C;-C, condensation, either directly through 
fumarate or after operation of the cycle. | 

Each of the processes just described would lead to some isotope incor- 
poration in the 8-carboxyl group. A comparison of the observed total 
radioactivity in this group with that calculated to exist is therefore of 
interest. Thus, (1) in the aerobic sample, after C;-C, condensation, the 
value of 0.36 X 10° c.p.m. in the methylene group of aspartic acid is an 
index of randomization between the 2 central carbon atoms. The remain- 
ing 2.80 — 0.36 = 2.44 X 10° counts in the amino group will be accom- 
panied by 0.62 < 10° ¢c.p.m. in the 6-carboxyl, based on the relative spe- 
cific activities of the pyruvate and CO, (2). (2) Since all randomization, 
cycling, and C.-C, condensation will place equal activity in the two car- 
boxyl groups, it may be assumed that the observed value of 0.80 x 10° 
in the a-carboxyl would be duplicated in the 8-carboxyl. The total 8-car- 
boxyl activity (calculated) should therefore be 0.62 + 0.80 = 1.42 X 105 
c.p.m. This is in fair agreement with the value of 1.19 10° observed. 
For the anaerobic sample, the agreement (1.32 xX 10° calculated, 1.28 
observed) is much better. In view of the fact that the separate deter- 
mination of activities in the carboxyl groups depends upon comparative 
rates of decarboxylation by the reagents used, it would appear that the 
agreement between the calculated and observed values is satisfactory, and 
that the suggested schemes for pyruvate conversion to aspartic acid repre- 
sent a plausible interpretation of the data. 

In the aerobic sample, if no cycling of the C, acids formed by C;-C, 
condensation occurred, the apparent extent of this condensation was (2.80 
+ 0.36) /5.08 = 62 per cent; if cycling occurred (up to the maximum rep- 
resented by 0.36 X 10° c.p.m. in the methylene group), then the fraction 
would be (2.80 + 0.36 + 0.36 (2))/5.08 = 76 per cent. Anaerobically, 
the corresponding values were 41 to 61 per cent. It is also clear that 
equilibration of pyruvate with C, acids, and of the latter with each other, 
was not extensive in the pyruvate yeast. Only 0.36/(0.36 + 2.80) = 11 
per cent of the carbonyl pyruvate isotope became distributed between the 
2 central carbon atoms of aspartic acid during aerobic growth, assuming 
that no cycling ensued following C;-C, condensation, or up to (0.36 + 
0.36 (2))/(2.44 + 0.36 (4)) = 28 per cent with cycling. In the anaerobic 
sample the corresponding values for equilibration range between 25 and 50 
per cent. It seems likely that the direct formation of aspartic acid was 
favored by the high concentrations of pyruvic acid present. 

The quantitative differences observed here between acetate and pyru- 
vate metabolism are being studied further with respect to other amino 
acids, particularly glutamic acid and tyrosine. These differences, with 
observations on the mechanisms involved, will be the subject of future 
publications. 
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SUMMARY 

The intramolecular distribution of radioactivity has been studied in 
aspartic acid from bakers’ yeast metabolizing CH;C“OOH and CH;C"- 
OCOOH. With acetate as substrate, the C™“ was contained exclusively 
in the carboxyl groups, equally distributed. A C.-C, condensation was 
postulated to produce C, acids. 

With pyruvate, a high degree of amino carbon labeling was observed. 
This was consistent with the concept of C;-C, unit condensation, accord- 
ing to a Wood-Werkman or “malic” fixation scheme. The isotopic dis- 
tribution indicated that 62 to 76 per cent of the radioactivity in aspartic 
acid arose by this route aerobically from pyruvate, and 41 to 61 per cent 
anaerobically. 
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CALCIFICATION 


VII. REVERSIBLE INACTIVATION OF CALCIFICATION IN VITRO AND 
RELATED STUDIES* 


By ALBERT EDWARD SOBEL ann ALBERT HANOK 


(From the Department of Biochemistry, The Jewish Hospital of Brooklyn, Brooklyn, 
New York) 


(Received for publication, January 30, 1952) 


Calcification in vitro of the hypertrophic epiphyseal cartilage has served 
as a useful indicator in the study of the “local factors” involved in calcifica- 
tion (12, 13, 25, 29-31, 34, 37, 38, 40, 44, 54). The appearance of new 
calcification depends on the functioning of the complete system essential 
for mineralization. The histological appearance of calcification in vitro of 
the hypertrophic epiphyseal cartilage resembles that obtained in calcifica- 
tion in vivo. New mineral deposits occur in the matrix and have a honey- 
comb-like structure (31, 39). X-ray diffraction studies have shown that 
the new mineralization obtained has the same lattice for calcification in 
vitro as that found for calcification in vivo, viz. apatite (49). 

Most of our knowledge of the “local factors” concerned with calcification 
comes from such in vitro studies. Thus, Robison (30, 31, 33) has been led 
to stress the importance of phosphatase. Gutman et al. (12, 13) and Marks 
and Shorr (23) have presented evidence that phosphorylative glycogenol- 
ysis is an integral part of the calcification process. 

Yet one can demonstrate the presence of phosphatase and the glycogeno- 
lytic cycle in tissues other than bone which do not calcify. In rickets due 
to strontium, calcification in vitro in the presence of small amounts of mag- 
nesium is strongly inhibited without a concurrent decrease in phosphatase 
activity (44-46, 48). Waldman (54) has claimed that calcification in vitro 
can take place when phosphatase is inactivated. Siffert (41) reported that 
phosphatase activity is associated with the preosseous tissue and not with 
the process of calcification. Paff and Sallman (26) found that calcification 
can be stopped in a tissue culture by means of alizarin S, without inhibiting 
phosphatase and without removing calcium and phosphate ions to a sig- 
nificant degree. 

From these considerations one may perceive that the rdle in calcification 
of those enzymes concerned with the disposition of phosphate ion has not 


* Supported by the National Institute of Dental Research, National Institutes 
of Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. 
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been unequivocally established. It therefore seemed worth while to devote 
some attention to the other ion, viz. calcium, which is the cation usually 
found in mineralized matter, and its causal relation to calcifying ability of 
rat cartilage sections. 

In an investigation previously reported from this laboratory (51), the 
reversible inactivation of the calcifying mechanism was described. The 
findings suggested ‘‘that an important step in calcification is the combina- 
tion of calcium with some constituent of the bone cell” (51) preceding the 
formation of the apatite mineral. 

The further study of the mechanism responsible for reversible inactiva- 
tion is of theoretical importance as a means of understanding the mecha- 
nism of calcification, and, more particularly, the postulated system respon- 
sible for the disposition of calcium. Moreover, such studies may be of 
practical importance in regulating the degree and type of composition of 
the calcifying tissues. 

The purpose of the present ae was to extend the studies on 
the reversible inactivation of calcification in vitro in the hope of elucidating 
the mechanism responsible for mineralization. 


EXPERIMENTAL 


The solutions employed were a basal salt solution containing, in milli- 
equivalents per liter, 700 NaCl, 50 KCl, and 220 NaHCO,, and those of 
the ions that were studied, viz. calcium, phosphate, sodium, beryllium, 
strontium, magnesium, nickel, and potassium. The salts employed were 


the chlorides, except for the phosphate solution which contained a mixture | 


of NazgHPO, and NaH;PQ, to provide a pH of about 7.4. 

The bones used for these studies were the tibiae removed from rachitic 
animals. Albino rats, 23 days of age, were kept on the modified rachitic 
diet (Table I) for 20 to 24 days until the sections taken from litter mates 
showed a very wide rachitic metaphysis with no trace of lime salts as mea- 
sured by silver nitrate staining. These sections contained proliferating car- 
tilage as well as bare osteoid tissue. The proximal ends of the tibiae were 
freed of soft tissue and sliced longitudinally. The bones were placed in an 
inorganic solution for 18 to 24 hours. This solution was prepared to con- 
tain 100 ml. of the basal salt solution per liter and, in addition, appropriate 
amounts of calcium and phosphate and any other ions, and the pH was 
adjusted to 7.25 to 7.35 with carbon dioxide. The details of the techniques 
used will be described elsewhere. 

The method of evaluating the degree of calcification was that described 
by Sobel et al. (51), and illustrated by Sobel (43). Black smudges, some- 
times found, were amorphous in appearance and easily distinguishable from 
true calcification. When extensive calcification occurred, the bare osteoid 
seemed to be covered in a regular pattern ((43) Fig. 26). 
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In this paper, inactivation is reserved for any treatment of the rachitic 
bone section (that blocked calcification) prior to placing the section in the 
calcifying medium. Inhibition is reserved for any treatment that inter- 
fered with calcification of the rachitic bone section in the calcifying medium. 


Taste I 
Composition of Rachitic Diet 
Food Weight Salt mixture Weight; Vitamin mixture Weight 
gm. sm. mg. 
Degerminated 75.0 CaCO, 3.00 | Thiamine 0.25 
yellow corn- 
meal 
Wheat gluten 18.0 NaCl 0.84 | Riboflavin 0.30 
Liver extract, 1.5 MgSO,-7H,0 0.53 | Nicotinic acid 2.50 
1:20 Fe(C,H,0;)2-6H:0 0.15 | Pyridoxine 0.25 
MnSO,-4H:0 0.03 | Pantothenic 2.00 
acid 
ZnCl; 0.01 | Choline 100.00 
CuSO,-5H.0 0.03 | Inositol 100.00 
KCl 0.72 | p-Aminobenzoic| 30.00 
acid 
KI 0.05 


The foods, salt mixture, and vitamin mixture were mixed in the proportions 
indicated to give a total weight of 100 gm. or multiples thereof. Calcium of final 
mixture = 1.23 per cent, phosphorus of final mixture = 0.12 per cent, Ca:P ratio of 
final mixture = 10.3. 


Results 


Degree of Calcification in Vitro and (Ca*+*+) (HPO,-) Product versus 
(Ca++)? (PO)? Product' 


These experiments were undertaken primarily to determine the range of 
calcium and phosphate levels of the calcifying solution that would be most 
suitable for our inactivation-reactivation experiments. They also throw 
additional light on the question whether in calcification in vitro the first 
solid formed is secondary or tertiary calcium phosphate. 

If the (Ca*+*)* (PO,*)? product holds, a given amount of calcium should 
be more effective than a given amount of phosphate. Thus, when Ca = 
9 mg. per cent and P = 5 mg. per cent, there should be more calcification 
than when Ca = 5 mg. per cent and P = 9 mg. per cent, since 9° X 5? = 
729 X 25 = 18,225 and 5* X 9? = 125 X 81 = 10,125. 


‘In these calculations, total ion concentrations are used rather than the ionic 
activities of the respective ions. The reasoning, however, is valid whether actual 
ionic activities or total ion concentrations are used, since all other conditions are 
identical. 
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In obtaining these data, four sections were taken from the tibia of one 
rat and each section was placed in one of four solutions, each at the same 
Ca X P product but containing different concentrations of calcium and 
phosphorus. This was repeated for three rats. The relative degree of cal- 
cification, due to the four ways of preparing the same Ca X P products, 
was the same for each rat. 

The degree of calcification in vitro was about the same for Ca X P = 
9X 50r5 X 9 = 45, 1.e.3(++++4+). When the product of 45 was pro- 
duced by Ca X P = 15 X 3, the degree of calcification was less, 
i.e. 2(+++-+); when it was produced by Ca X P = 3 X 15, the degree 
of calcification was still less, being 1(+-+++). These findings imply that 
there is an optimal region of Ca:P ratio fox a given product to give maxi- 
mal calcification. 

Based on these observations, we chose in our calcification experiments 
in vitro products in the intermediary region; t.e.,Ca K P = 10 X 5 = 50. 
Reversible Inactivation of Calcification in Vitro 

The general experimental procedure in this series of studies was as 
follows: 

Control—Bone secticns were immediately placed in the calcifying solu- 
tion under the conditions previously described (51). 

Inactivation—Bone sections were first shaken for 2 hours with solutions 
containing 150 m.eq. per liter of calcium chloride plus an inactivating 
cation (added as the chloride). The sections were then washed with dis- 
tilled water and incubated in the calcifying solution under the conditions 
previously presented (51). 

Reactivation—F ollowing inactivation, the bone sections were washed with 
distilled water, shaken for 1 hour with 150 m.eq. per liter of CaCl, solutions 
free of the inactivating ion. The sections were then washed and incubated 
as described above. 

Each of the cations chosen had some history in calcification. Sodium 
and potassium were chosen because they are the major electrolytes of body 
fluids, strontium and beryllium because their presence in diets produced 
rachitic bones with diminished calcifying ability (43, 45, 47, 48), magne- 
sium because it has been shown to inhibit calcification in vitro when placed 
in the calcifying medium (32), and copper because it was originally thought 
to be an enhancing factor in calcification, since cattle brought up on low 
copper and high molybdate pastures developed rickets (7). As it turned 
out, in these experiments Cu** was an inactivating ion (51). 

The results on reversible inactivation in the presence of cupric ion have 
been presented previously (48, 50, 51) and are not given in this paper. The 
results of the reversible inactivation experiments with the other five ions 
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are given in Tables II and III. There are two important regions of calci- 
fication. One, where calcification is completely or almost completely inac- 
tivated, but where after reactivation there is as intense or more intense 
calcification than the control. The concentrations of the inactivating ions, 
in the presence of 150 m.eq. per liter of CaCl, at which inactivation is 
complete, are given in Table III. 

The second region is where inactivation takes place, but where on reac- 
tivation the degree of calcification is less than the control. Thus, under 
these conditions of inactivation and reactivation, the process is no longer 
reversible. This second phenomenon is most evident with the powerful 
inactivators, beryllium, copper, and magnesium. 

The question arose whether reactivation could take place simply, owing 
to the calcium present in the cellular matrix after shaking with large 
amounts of calcium chloride. To answer this question, sections shaken 
with 150 m.eq. per liter of CaCl, for 1 hour were placed in calcifying solu- 
tions containing varying concentrations of phosphorus but no calcium. 
Four sections were taken from the same animal; one was placed in a solu- 
tion of which the Ca < P product equaled 50. The other sections were 
placed in solutions containing 5, 10, and 15 mg. per cent of phosphorus, 
respectively, but no calcium. There was no calcification, even with 15 mg. 
per cent of phosphorus in the absence of calcium, whereas in the presence 
of 10 mg. per cent of calcium there was a 2.5(++ ++) calcification with 
a phosphorus concentration of 5 mg. per cent. This calcification was the 
more extensive type obtained after reactivation with calcium chloride solu- 
tions. Thus, calcification in vitro after reactivation cannot be said to be 
due merely to the calcium present in the matrix in the presence of physio- 
logical amounts of phosphorus alone. 


Prevention of Inactivation of Local Factor 


As seen from Table II, nickel ions in critical concentration prevent the 
inactivation due to beryllium ions, and potassium ions in critical concen- 
tration prevent the inactivation due to sodium ions. Nickel and potas- 
sium ions do not themselves inactivate at these critical concentrations as 
seen in Table IT. 


Inactivation of Calcification in Vitro As Function of Inactivator- 
Activator Ratio 
As seen in Table IV (Be versus Ca) at a given Be** ion concentration, 
inactivation, in some respects, obeys the mass law relationship. At any 
given Bet+ ion concentration, there were three concentrations of calcium 
used. At the highest Be:Ca ratio, complete inactivation was obtained. 
As the calcium was increased, there was less inactivation. This is in har- 
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II 
Reversible Inactivation of Calcification in Vitro 
Inactivation® Reactivationt 
Inactivator Counter-inactivator | | of calcification, | Degree of calcification 
mean mean 
BeCh: NiCh 
m.eq. per I. m.eq. per |. 
0.1 1(+++) 2.5(++++) 
0.5 1.5(+++) 3.5(++++) 
0.7 (+) 3(++++) 
1.0 1(+) 1.5(+++) 
2.0 0(0) 1.5(++++) 
2.0 2.0 0(0) 3(++++) 
2.0 5.0. 1(+++) 4(++++) 
2.0 10.0 1(+++) 3(++++) 
2.0 25.0 1(++++) 3(++++) 
2.0 50.0 0(0) 3.5(++++) 
5.0 0(0) 1(+++) 
10.0 0(0) 0(0) 
15.0 0(0) 0(0) 
NiCh 
2.0 2(++++) 4(++++) 
4.0 2(++++) 4(++++) 
6.0 2(++++) 2.5(++++) 
8.0 2(++++) 3(++++) 
10.0 1(++) 4(++++) 
MgCh 
1.0 2.5(++++) 2.5(+++) 
3.0 2(+++) 2.5(+++) 
5.0 1(++++) 1(++++) 
10.0 (+++) 1.5(+++) 
20.0 0(0) 2(++++) 
30.0 0(0) 
50.0 0(0) 1(++) 
100.0 0(0) 0(0) 
NaCl KCl 
1.0 3(++++) 2.5(+++) 
3.0 2(++++) 2(++++) 
5.0 2(++++) 2(++++) 
10.0 1(++++) 2.5(+++) 
25.0 1(++) (+++) 
50.0 1(+) 1(+++) 
50.0 0.5 1(++) 2++++) 
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Inactivation® Reactivationt 
mean mean 
NaCl KCl 
m.eq. per |. per 
50.0 1.0 2(+++) 2.5(++++) 
50.0 2.0 1(++++) 3.5(++++) 
50.0 3.0 1.5(++++) 2(++++) 
50.0 4.0 2(++++) 4(++++) 
50.0 5.0 3(++++) 4(++++) 
50.0 6.0 2(++++) 3(++++) 
100.0 1.5(++) 1(++++) 
10.0 2(+++) 4(++++) 
50.0 3(++++) 3.5(++++) 
150.0 1.5(++++) 2(++++) 
200.0 1(++) 3.5(++++) 
250.0 2(++) 3(++++) 
300.0 1(++) 3(++++) 
KCl 
10.0 3.5(+++) 4(++++) 
50.0 2(+++) 3(++++) 
100.0 3(++++) 4(++++) 
200.0 3(++++) 3.5(++++) 
300.0 2.5(++++) 4(++++) 
400.0 1(+) 4(++++) 


Degree of calcification (mean) for untreated control sections = 2(++++). 
Ca X P product of calcifying solutions = 10 mg. per cent; Ca X 5 mg. per cent P 
= 50. 

* Shaking for 2 hours in a solution containing 150 m.eq. per liter of calcium ion 
and varying amounts of inactivator ion and counter-inactivator ion. 

t Shaking for 1 hour of inactivated samples in solutions containing 150 m.eq. 
per liter of calcium ion. 


mony with the concept that inactivation is a function of the Be:Ca ratio. 
While the primary purpose of this experiment was to study inactivation by 
means of inactivator-activator ratios, the data also indicate that reactiva- 
tion depends on the initial inactivator-activator ratios (in addition to dis- 
cussion herein examine Table II (51)). At 5 m.eq. per liter of Be** ion in 
the presence of 150 m.eq. per liter of Ca** ion, reactivation was still ob- 
tained. At 10 m.eq. per liter of Bet* ion in the presence of 50, 150, and 
300 m.eq. per liter of Ca** ion, complete inactivation was obtained and 
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reactivation was possible only at 300 m.eq. per liter of Ca++ ion. It also 
appears that more activation is obtained the lower the Be:Ca ratio. . 


Calcification in Vitro in Presence of Sodium or Potassium As Cation 


The relatively intense inactivation with sodium when compared to potas- 
sium (Tables II and III) suggested that, if sodium were the sole cation of 
the calcifying medium, there would be less calcification than if potassium 
were the only cation. 

Two solutions were prepared, one consisting only of sodium salts and 
the other only of potassium salts. The degree of healing at a Ca X P prod- 
uct of 40 was 1.3(++-+-+) when the calcifying medium consisted only of 
potassium salts compared to 1.8(+-+-++) for sodium salts. Thus these 


III 
Range of Concentration of Ions Required for Inactivation and Reactivation 


Cue Mg" Na* | 
Inactivationt......... 0.1 0.5 10.0 | 25.0 | 200.0 | 400.0 
Reactivation{........ =C.§ =C. =C. 2C. =C. 2C. 
Inactivationt......... 2.0 | 3.0 50.0 100.0 300.0 400.0 
Reactivationy........ <Cc. | <C. <C. <C. i 
Inactivationt......... 10.0 100.0 | 
Reactivationt........ 0 | 0 0 | | 


* See Sobel et al. (51). 

t With 150 m.eq. per liter of CaCl, and inactivating ion. 

t With 150 m.eq. per liter of CaCl, without inactivating ion. 
§ C. = control (mean) calcification. 


studies imply that inactivation, due to a cation shaken in the presence of 
calcium chloride prior to calcification, does not necessarily predict its be- 
havior when placed in the medium employed for calcification in vitro. 


Inhibitory Effect of Strontium, Beryllium, and Magnesium Ions 
When Placed in Calcifying Medium 


The relatively low inactivating power of strontium ion when compared 
to beryllium and magnesium ions appeared paradoxical. On feeding SrCO; 
to growing rats, rickets result which do not respond to vitamin D (44, 45, 
48), and in which the bones do not calcify tn vitro until a product of 90 is 
reached (34, 44, 45, 48). On feeding beryllium carbonate, one obtains 
rickets which respond to vitamin D with difficulty and in which the bones 
calcify in vitro at a product of 60 to the degree that the controls do at a 
product of 35. In contrast to results with strontium and beryllium, when 
the CaCO, of the normal rachitie diet is replaced with MgCOs;, one obtains 
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a rachitic bone which calcifies in vitro at the usual product and which does 
respond to vitamin D (Table V). Thus it was thought that these phenom- 
ena in vivo might be better explained by placing these three ions in the cal- 
cifying solution, since the phenomena in vivo are probably due to the levels 
of these ions obtained in body fluids from which mineralization takes place 
when these animals are fed the salts. The serum level of strontium was 
1.25 mo per liter in strontium rickets (48) and 2.17 ma per liter of magne- 
sium in magnesium rickets.!. The blood levels for beryllium were not de- 
termined. A study was therefore made to determine the influence on the 


Taste IV 
Influence of Be:Ca Ratios on Inactivation and Reactivation 
Inactivation Reactivation 
BeChr solution | CaCh solution [Degree of calcification CaCh solution |Desree of calcification 
per | m.eq. perl per |. 
0.1 50 0(0) 150 4(++++) 
0.1 150 1(++++) 150 2.5(++++) 
0.1 300 4(++++) 150 4(++++) 
1.0 50 0(0) 150 2(++++) 
1.0 150 1(+) 150 1.5(++++) 
1.0 | 300 2(++++) 150 3.5(++++) 
0.0 | 50 0(0) 150 0(0) 
10.0 150 0(0) 150 0(0) 
10.0 | 300 0(0) | 150 1(+) 


Ca X P product = 530. Degree of calcification of untreated control (mean) = 
°++++). 


degree of calcification by Be++, Mg**, and Sr** ions when added to the 
calcifying medium. The results obtained are given in Table VI. 

A mild but definite inhibitory effect of strontium and magnesium is 
shown, the magnitude of the effect being about the same for the two ions. 
The relatively strong inhibiting power of Be*++ ion is indicated and is similar 
in magnitude to that observed by Gutman and Yu (14). This effect may 
be due to the removal of phosphate ion as insoluble or unionized beryl- 
lium phosphate (15, 19). In this connection, mention may be made of ex- 
periments to be published elsewhere. When bone sections were shaken 
with small amounts of Be*++ ion, blocking of calcification occurred, but, 
when they were shaken with Bet+ ion plus the amount of phosphate nor- 
mally present in our calcifying solution, calcification was not blocked. 

The results with magnesium confirmed those obtained by Shelling et al. 
(37). The results with strontium, however, are in contradiction to those 
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TaBie V 


Calcification in Vivo and in Vitro in Rickets Due to Magnesium 


Blood findings Degree of calcification (mean)* 

Type of rickets CaxP=@ CaxP = 9 
Cai P| Mg 

18 hrs. 72 hes. 18 brs. 72 hrs. 

| mg. | mg 
| Sout | Sone 

Magnesium rick- 

7.2) 8.0) 5.3 (++4++4 )/2.3(+++4+4 )3(++++) 

Magnesium rick- 

etsf + 100 i.u. 

vitamin D 

daily for 9 ; 

t Rickets cured in vivo 


9.8)10.5) 5.1 
Control rickets$/10.4) 3.9) 2.8 


* In addition to all other components, 1.8 mg. per cent of Mg** ion were present 


in the calcifying medium. 


t 3 per cent MgCO; replaced the added CaCO, in the rachitic diet of Sobel et al. 


(44, 45). 


t Healing of rickets in vivo produced in 9 days by vitamin D feeding. When 
vitamin D was fed during the rickets-producing period, there was no evidence of 


rickets. 
§ Control rickets fed a similar amount of vitamin D produced healing in vivo. 
Tasie VI 
Inhibitory Effect of Be**+, Sr++, and Mg** Ions on Calcification in Vitro 
Ton Calcifying solution + inhibitor Degree of calcification (mean) 
meq. per |. 
BeCl,* 0.0 2(.++++) 
0.3 2(++++) 
0.5 1(++) 
1.0 1(+) 
2.0 0(0) 
5.0 0(0) 
MgCl,° 0.0 2(++++) 
0.75 2.5(++++) 
1.00 2(++++) 
1.50 1(++++) 
SrCl.t 0.0 2(++++) 
0.58 1.1(++++) 
0.0 2.7(++++) 
1.33 1.5(++++) 


* Calcifying solution at a Ca X P product of 50. 
t Calcifying solution at a Ca X P product of 40. 
¢ Calcifying solution at a Ca X P product of 70. 
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reported by Sobel e¢ al. (44, 45), in which smaller amounts of strontium had 
greater inhibitery powers. On examining the reasons for this discrepancy, 
our attention was turned to the fact that, in earlier studies of Sobel e¢ al. 
(44, 45), magnesium ion was present in a concentration of 1.8 mg. per cent. 
This point was then made the subject of a separate study, reported else- 
where (46), which showed that, in the presence of magnesium, strontium 
is a powerful inhibitor of calcification tn vitro. Since magnesium in vivo is 
always present in the body fluids, it appears that to explain phenomena in 
vivo solutions employed for calcification in vitro should contain magnesium 
ions in addition to all other constituents. 


Tasie VII 
Inactivation of Calcifying Mechanism by Mild and Drastic Treatments 
Inactivation Reactivation 
Degree of} hr. of 
— ction, | with Cath 
meq. per 
Shaken for 2 hrs. in methyl alcohol............. 0(0) 150 =| 0(0) 
“ «2 “ “ 1:1 methyl alcohol-xylene 
Heated for 1 hr. in distilled water at 97°........ 0(0) 150 | 2(++++) 
“ 1 0.85% NaCl solution at 97°..| 0(0) 150 =| 1.5(++) 
“ «1 “ 150 m.eq. perl. of CaCh:...| 0(0) | 150 | 0(0) 


Reversible Inactivation by Various Treatments 

These experiments were designed to explore lipide solvents and the effect 
of boiling in the activating solution (CaCl,) and, as a contrast, in the inac- 
tivating solution (NaCl) and in distilled water. As seen in Table VII, all 
the treatments inactivated, but some of the inactivations were subsequently 
reversed by CaCl, shaking in the following order: After shaking with xylene, 
the calcifying mechanism was restored. Following heating with distilled 
water, the calcifying mechanism was restored. Following heating with 
physiological saline, the calcifying mechanism was partially restored. 

It is interesting to note that the calcifying mechanism could not be re- 
stored following heating in calcium chloride solutions. This suggests that 
heating with calcium chloride may remove or destroy some or all parts of 
the “local factor” responsible for calcification. 


DISCUSSION 
Our studies with strontium rickets were in harmony with the concept 
that strontium combines reversibly with a constituent in the calcifying tis- 
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sue essential to calcification (44-46, 48). This was further indicated by 
the fact that it is possible to deposit strontium in vitro (23, 32). If this 
concept is correct, it should be possible to inactivate the calcifying mech- 
anism reversibly in the usual type of bone, as shown in Fig. 1. 

Based on the above hypothesis, it was possible to inactivate and reactivate 
the calcifying mechanism. The order of the inactivating power of the ions 
is Bet* > Cut* > Nat > Sr** > Kt. This order is in the same direction 
as is the order of magnitude of the ionic radii (21). That reactivation is 
not due to the presence of calcium per se is evident from the fact that inac- 
tivation takes place in the same concentration of calcium ions as does the 
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INACTIVE 


+ 


INACTIVATING ION 
CALCIUM ION 


C_) ACTIVE “LOCAL FACTOR" (OR FACTORS) 


INACTIVE “LOCAL FACTOR" (OR FACTORS) 
Fia. 1. Reversible inactivation of calcification in vitro (tentative mechanism) 


reactivation, the only difference being a relatively small amount of inac- 
tivator. The results reported herein for the reversible inactivation of cal- 
cification in vitro indicate that a step in calcification is the combination of 
calcium ions with some constituent of the bone cell, probably part of an 
enzyme system (50, 51), before mineralization can take place. 

The inactivating order of the ions does not fully predict their behavior 
when placed in the media employed for calcification in vitro. This may 
be seen from Tables II, III, IV, and VI. This may be due to the fact that 
the complete electrolyte pattern affects the behavior of an individual ion 
(4, 16, 17). The anomalous behavior of strontium was resolved when it 
was found that in the presence of small amounts of magnesium it acted as 
a powerful inhibitor of calcification in vitro (46). 

The reversible inactivation of the calcifying mechanism with beryllium 
may be important in the understanding and treatment of beryllium poison- 
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ing (1, 6, 8). Perhaps one of the reasons beryllium is toxic is that it com- 
petes with calcium for key molecules. For example, intercellular cement 
requires calcium, as reported by Chambers and Reznikoff (5). Calcium 
ion has been shown to be not only necessary for clotting, but also for the 
strength of the clots formed from fibrinogen (53). That the system cal- 
cium-beryllium seemed to be one of activator-inactivator (metabolite-anti- 
metabolite) is further indicated by the data shown in Table 1V. Ata given 
beryllium concentration, the higher the concentration of calcium, the less 
the degree of inactivation. Moreover, the higher the Be:Ca ratio, the 
more difficult it was to produce reactivation. 

The prevention of beryllium inactivation by nickel and sodium inactiva- 
tion by potassium shows complex interrelationships when an over-all mech- 
anism is studied rather than an isolated enzyme system. Hastings and his 
group (4, 16, 17) have shown that the synthesis of glycogen from glucose 
by a liver slice is favored by intracellular cations. The conversion of pyru- 
vic acid to carbohydrate by the liver slices took place in the presence of 
sodium, but the formation of glycogen from pyruvic acid required the pres- 
ence of potassium (4). 

In studies with individual enzymes there are a number of analogous situa- 
tions of inactivator and counter inactivator ions (3, 6, 11, 18, 20, 22, 42). 

The natural question as to what are the substances that determine the 
specific site of mineralization has received a great deal of attention. Evi- 
dence has been presented that phosphatase and the enzymes involved in 
phosphorylative glycogenolysis are involved in the calcification process (12, 
13, 31). However, phosphatase can be inactivated with heat, mercury, 
and silver ions, while calcification in vitro can still take place with inorganic 
solutions (36). Calcification in vitro can be inactivated with strontium 
without inhibiting phosphatase activity (45). Siffert (41) reported that 
phosphatase activity is associated with the preosseous tissue and not with 
the process of calcification. In calcification of marine molluscs, the solid 
is primarily calcium carbonate; yet both phosphatase and glycogen are ob- 
served in the preosseous tissue (2). Significantly enough, some mucopoly- 
saccharides are also formed. The interesting suggestion was made by Mc- 
Lean (24) that alkaline phosphatase may be involved in the formation of 
various protein matrices. ‘The réle of phosphatase in the formation of 
fiber or matrix or whatever you may want to call it, is not identical with 
the formation of a calcifiable tissue. Spider web is not calcifiable. The 
scar tissue that Fell was studying is not calcifiable. So that you have 
phosphatase acting without producing a calcifiable tissue.” 

There are many studies that indicate that one may conceive of chon- 
droitin sulfate as the “local factor.’’ Sulfate-containing mucopolysac- 
charides appear whenever calcification takes place; namely, in the dentin 
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and the enamel (28), in the bone (52), and in abnormal calcification of 
the arteries (10). Rubin and Howard (35) indicated the presence of 
metachromatic staining in all types of pathological calcification studied, 
t.e. calcinosis universalis, calcified bursitis, and renal stones of the calcium, 
phosphate, carbonate type. Significantly, they found no indication of 
mucopolysaccharides in calcium oxalate and ammonium urate stones. Ein- 
binder and Schubert (9) have shown that collagen, under certain condi- 
tions) will react with chondroitin sulfate so vigorously that sulfate will 
replace absorbed dyes from the collagen. Hyaluronic acid and other muco- 
polysaccharides will not do this. Since collagen is the key protein of 
bone, these experiments again suggest that this ability of chondroitin 
sulfate may be one of the properties of protein responsible for initiating 
calcification. According to Partridge (27) calcium is particularly effective 
in causing a shortening in length of collagen fibers, with a subsequent 
release of chondroitin sulfate. Calcium ion increases the viscosity of at 
least some mucopolysaccharides, thus indicating polymerization (27). This 
polymerization, at least for hyaluronate by means of calcium ion, was 
related to the rate of prothrombin conversion to thrombin. Perhaps the 
activating réle of calcium ion consists of the polymerization of some 
mucopolysaccharide, probably chondroitin sulfate. Further studies are 
being carried out at present with inactivators like protamine and toluidine 
blue whose target is thought to be some mucopolysaccharide sulfate in 
competition with calcium ion. 

The various ways of inactivating the ability of a bone section to calcify 
in vitro by the use of solvents and heat would have suggested in the past 
that the local mechanism is delicate. However, as seen from the data 
presented in this paper, many of these methods resulted in reversible in- 
activation, thus indicating that the essential calcifying mechanism was 
only inactivated but still present. One may definitely state that the 
chemical entities that make up the calcifying mechanism in the rachitic 
metaphysis are remarkably stable to treatments that would destroy most 
enzymes. However, at the same time the calcifying mechanism is readily 
inactivated by relatively mild conditions that would not affect most en- 
zymes. Such inactivation can be reversed by treatment with calcium ion. 
The fact that after heating in distilled water, followed by calcium chloride 
shaking, the calcifying mechanism survives remarkably well may serve to 
eliminate from consideration those enzymes that are originally present 
in the bone cell but are not present after this treatment. The difference 
between the constituents that are present after heating with distilled water 
but are no longer present or active after heating with calcium chloride may 
represent the minimal factors of the calcifying mechanism. Significantly 
enough, hot calcium chloride solutions are used to extract chondroitin 
sulfate. 
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One is tempted to speculate that, in some diseases, products may ac- 
cumulate that act as inactivators of the calcifying mechanism without 
destroying it. Such inactivation, at least theoretically, should be reversible 
and possible practical future applications may come out of this reversible 
inactivation of the calcifying mechanism. Applications have already been 
made by Shelling and Hopper (36) without realizing the underlying phe- 
nomena. They employed SrCO; in the diet of bow-legged children to 
soften their bones prior to straightening them by mechanical means. After 
the straightening process, SrCO; was replaced by CaCO; in the diet and 
vitamin D was also added to the diet. 


SUMMARY 


1. The reversible inactivation of calcification in vitro of the hypertrophic 
epiphyseal cartilage has been demonstrated. When rachitic bone sections 
were shaken with beryllium chloride, magnesium chloride, sodium chloride, 
or strontium chloride, in the presence of 150 m.eq. per liter of calcium 
chloride, calcification in vitro was inactivated. On subsequent shaking 
with calcium chloride without the inactivating ion, this inactivation was 
reversed and calcification took place in vitro. 

2. It was observed that ions in combination behave differently from the 
same ions by themselves in the calcification of bone sections in vitro. Nickel 
ions in critical concentration decreased the inactivation of calcification 
in vitro by beryllium ions, and potassium ions in critical concentration 
decreased the inactivation of calcification in vitro by sodium ions. Nickel 
and potassium ions were not themselves inactivators at these critical 
concentrations. Magnesium ions, on the other hand, increased the in- 
hibition of calcification in vitro by strontium ions. 

3. Boiling bone sections in distilled water inactivated the calcification 
mechanism as did boiling bone sections in calcium chloride solutions. Sub- 
sequent shaking of the boiled sections with 150 m.eq. per liter of calcium 
chloride resulted in the reactivation of the calcifying mechanism in the 
case of the water-boiled sections but not in the case of the calcium chloride- 
boiled sections. 

4. These experiments suggest that the combination with calcium of some 
constituent of the ossifying matrix is an essential preliminary step in the 
mineralization process. The evidence presented in the literature is dis- 
cussed to indicate that chondroitin sulfate may be the target of the in- 
activating and reactivating ions. 
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ANTAGONISMS IN THE UTILIZATION OF p-AMINO ACIDS BY 
LACTIC ACID BACTERIA 


IV. v-ASPARTIC ACID* 


By MERRILL N. CAMIENt 
(From the Laboratoires de Biochimie, Institut Léon Fredericg, Université de Lidge, 
Liége, Belgium, and the Chemical Laboratory, University of California, 
Los Angeles, California) 


(Received for publication, February 13, 1952) 


Investigations with glutamic acid, methionine, and alanine have shown 
that p-amino acid utilization by lactic acid bacteria may be inhibited by 
specific antimetabolites (1-4). This has been taken to indicate that a con- 
version of D-amino acid substrate to the L form precedes its utilization, 
and that this process may be blocked by an appropriate inhibitor. Both 
L- and p-alanines have been shown to be essential metabolites for Lacto- 
bacillus mannitopoeus by inhibiting the metabolic interconversion of these 
enantiomorphs (2). Analogous studies have now been made with aspartic 
acid. 

EXPERIMENTAL 


The basal medium was the same as that employed previously (5), except 
that sodium chloride, norleucine, norvaline, and glucose were omitted, the 
concentrations of the remaining constituents were doubled, and only 1 ml. 
(instead of 2 ml.) of basal medium was used per tube (the final volume per 
tube after adding all remaining solutions equaled 3 ml.). Test solutions 
of L-, DL-, and D-aspartic acids' (total volume, | ml. per tube) and basal 
medium were added to the test-tubes (13 < 100 mm.) before sterilizing. 
0.5 ml. of sterile 12 per cent sugar solution? and 0.5 ml. of either sterile L- 


* For Papers I to III in this series, see Camien and Dunn (1-3). The author is 
indebted to Professor Marcel Florkin for sponsoring this work at the University of 
Liége, and to Dr. H. Sarlet, Dr. G. Duchdteau, and Mile L. Buyel for valuable assis- 
tance 


t United States Fulbright Scholar, 1950-51. At present, Research Associate, De- 
partment of Chemistry, University of California, Los Angeles. 

‘These products, described previously (5), were kindly supplied by Professor 
Max S. Dunn. 

* Glucose was used for L. arabinosus and L. mesenteroides. Xylose was used for 
L. brevis and L. lycopersici because greater acid production (6) and more regular 
results were obtained than with glucose for these bacteria. An equal mixture of 
glucose and arabinose was used for all the organisms in preliminary experiments. 
The sugar solutions were sterilized separately from the medium to avoid browning. 
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cysteic acid* solution or sterile water were added aseptically per test-tube 
after autoclaving for 10 minutes at 120° and cooling. 

The cultures‘ of Lactobacillus arabinosus (8014), Lactobacillus brevis 
(8287), Lactobacillus biichneri, Leuconostoc citrovorum (8081), Lactobacillus 
lycopersicit (4005), and Leuconostoc mesenteroides (8042) were the same as 
those described previously (8). Inocula were prepared as already de- 
scribed (9), except that growth centrifuged from 7 ml. of culture was mixed 
with 100 ml. of sterile 0.8 per cent saline solution, and 0.1 ml. of the resulting 
suspension was used to inoculate each test-tube. The tubes inoculated 
with L. arabinosus were incubated 38 to 40 hours at 35°. All others were 
incubated 63 to 65 hours. Growth was terminated by steaming the tubes 
in the autoclave for 20 minutes at 100°, and the titrations were made with 
sodium hydroxide, with a brom thymol blue indicator as described pre- 
viously (9). 

The L- and p-aspartic acid content of the test bacteria was determined by 
the method described previously (10). The bacteria were grown 24 hours 
in a basal medium of the same composition as that described above except 
that 5 gm. of acid-hydrolyzed casein were substituted for all of the amino 
acids other than cysteine and tryptophan per liter of medium. The cells 
harvested from 1 liter of medium were washed with 0.8 per cent sodium 
chloride solution, suspended in 60 ml. of 6 N hydrochloric acid, and re- 
fluxed 20 hours. Nitrogen was determined in the hydrolysates and the 
analytical results (given in Table I) were calculated as per cent aspartic 
acid in the protein (N X 6.25). 


Results 


L. arabinosus—A relatively short incubation period (38 to 40 hours) 
was employed with this organism because full growth in the absence of 
aspartic acid and asparagine was attained after a longer time (8). p- 
Aspartic acid appeared to be essentially inactive, and DL-aspartic acid was 
approximately half as active as L-aspartic acid in the basal medium either 
with or without cysteic acid (Figs. 1 and 2). A lower “blank” and a more 
regular response to aspartic acid were obtained in the presence of 2 per 
cent cysteic acid (Fig. 2) than in the basal medium alone (Fig. 1), and the 
results with 1 and 4 per cent cysteic acid, respectively, were essentially 
the same as those with 2 per cent. 

L. brevis and L. lycopersici—.-, pi-, and D-aspartic acids were nearly 

* Prepared by the method of Clarke (7), and recrystallized from 50 per cent 
ethanol. Equivalent weight determined by titration was 98 per cent of the theo- 
retical. Solutions of the cysteic acid were adjusted to pH 6.5 with NaOH and steri- 


lized before using. 
‘American Type Culture Collection numbers given in parentheses. 
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identical in activity for these bacteria in the cysteic acid-free basal medium 
(Figs. 3 and 7), but the activities of both L-aspartic acid and p-aspartic 
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Frias. 1 anp 2. Response of L. arabinosus to L-, pL-, and b-aspartic acids in media 
containing no cysteic acid (Fig. 1) and 2 per cent cysteic acid (Fig. 2). The values 
on the vertical scales are calculated as ml. of 0.01 n NaOH required to titrate 1 ml. 
of culture. The values on the horizontal scales are the aspartic acid levels in mg. 
per tube (3 ml.). A break in scale is indicated by the vertical broken lines. 


Fras. 3 ro 6. Response of L. brevis to L-, and p-aspartic acids in media con- 
taining the following percentages of cysteic acid: Fig. 3, 0 per cent; Fig. 4, 1 per cent; 
Fig. 5, 2 per cent; Fig. 6,4 per cent. The coordinate units are calculated as in Fig. 1. 


acid were decreased, relative to that of pL-aspartic acid, in media containing 
1 to 4 per cent cysteic acid (Figs. 4 to 6 and 8). L-Aspartic acid was 
generally more active than p-aspartic acid for L. brevis, but the relative 
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activity of the p form at lowest effective concentrations increased with 
increasing cysteic acid concentrations (Figs. 4 to 6). p-Aspartic acid was 
more active than L-aspartic acid at low to intermediate levels with L. 
lycopersici in cysteic acid-containing media, and the results with 1 and 4 per 
cent cysteic acid were essentially the same as those with 2 per cent cysteic 
acid (Fig. 8). Very high levels of aspartic acid were inhibitory in all the 
media (Figs. 3 to 8), and the maximum acid produced by these organisms 
became progressively less at increased concentrations of the inhibitor. 

L. biichneri and L. citrovorum'—Response to aspartic acid was irregular 
with these bacteria, and studies were limited to preliminary experiments. 
p-Aspartic acid was definitely active, however, in media either with or 
without cysteic acid. 
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Fias.7 anp8. Response of L. lycopersici to L-, and p-aspartic acids in media 
containing no cysteic acid (Fig. 7) and 2 per cent cysteic acid (Fig. 8). The co- 
ordinate units are calculated as in Fig. 1. 


L. mesenteroides—Response to L-, DL-, and D-aspartic acids in the cysteic 
acid-free medium (Fig. 9) was essentially the same as that reported pre- 
viously (5). No significant response to p-aspartic acid at levels less than 
0.4, 0.6, and 1.0 mg., respectively, was obtained in the media containing 
1, 2, and 4 per cent cysteic acid (Figs. 10 to 12). Response to L- and pL- 
aspartic acids was obtained at considerably lower levels in the cysteic 
acid-containing media, and the initial response to the pi form was con- 
sistently obtained at a lower level than that to the L form. The activity 
of L-aspartic acid was, in general, about the same as that of the racemic 
mixture in the medium containing 2 per cent cysteic acid (Fig. 11), and 
DL-aspartic acid was generally considerably less active than the L form in 
the medium containing 4 per cent cysteic acid (Fig. 12). 

p-Aspartic Acid Content of Test Bacteria—Significant amounts of b- 
aspartic acid (greater than 2 per cent of the bacterial protein) were found 


5 Media for L. citrovorum were supplemented with reticulogen as recommended 
by Sauberlich and Baumann (11). 
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Figs.9 T0 12. Response of L. mesenteroides to L-, pL-, and D-aspartic acids in media 
containing the following percentages of cysteic acid: Fig. 9, 0 per cent; Fig. 10, 1 
per cent; Fig. 11, 2 per cent; Fig. 12,4 percent. The coordinate units are calculated 
as in Fig. 1. 


in all the test bacteria except L. arabinosus (Table I). No p-aspartic acid 
was found in the latter organism in the present experiments, and the small 
amounts of p-aspartic acid reported previously (10) in the hydrolysates of 
L. arabinosus and of casein were presumably the result of slight racemiza- 
tion during hydrolysis with 8 n hydrochloric acid. 


Tasie I 
L- and p-Aspartic Acid in Hydrolysates of Lactic Acid Bacteria* 
Aspartic acid form Aspartic acid form 
Sample Sample 
D- L- D- 
L. arabinosus 9.3 0.0 L. citrovorum 7.7 2.8 
t 8.7 0.5 lycopersici 9.6 2.1 
“ brevis 8.5 2.6 ‘* mesenteroides 7.0 2.9 
biichneri 9.5 2.2 t 7.7 3.4 
* Calculated as per cent of protein (N X 6.25). 


t Sample preparation and analysis reported previously (10). 
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The observed inhibitory action of L-cysteic acid in media with limiting 
concentrations of aspartic acid was anticipated because of the structural 
similarity between the two compounds, and the effects of this inhibition 
on the relative responses to L-, DL-, and D-aspartic acids appeared to be 
analogous to those found previously when either glycine or DL-serine was 
employed as an inhibitor of the response to alanine (2). A parallel inter- 
pretation of these data would lead to the conclusion that both L- and p- 
aspartic acids are probably essential metabolites for L. brevis, L. lycoper- 
sici, and L. mesenteroides, since these bacteria showed a preference for 
racemic aspartic acid over either L-aspartic acid or D-aspartic acid when an 
adequate concentration of L-cysteic acid was employed in the basal medium. 
Only t-aspartic acid would appear to be an essential metabolite for L. 
arabinosus, however, since D-aspartic acid was inactive toward this or- 
ganism when tested alone, and showed no sparing action when tested 
together with L-aspartic acid (as the racemic mixture). 

Since the preference noted above of the bacteria for pL-aspartic acid was 
in no case as marked as that found previously for pi-alanine (2), it seemed 
desirable to determine whether or not p-aspartic acid was present in the 
cells of those bacteria for which both aspartic acid forms appeared to be 
essential metabolites, and it may be seen (Table I) that all the bacteria 
except L. arabinosus (the one organism for which this amino acid appeared 
to be non-essential) yielded significant amounts of pD-aspartic acid when 
hydrolyzed under the described conditions. That no p-aspartic acid was 
found in the L. arabinosus hydrolysate indicates that racemization to an 
extent detectable by the methods employed did not occur in this sample 
under the selected hydrolysis conditions. Even with the more rigorous 
hydrolysis conditions employed previously (10), only a slight degree of 
racemization was in evidence (since only small amounts of p-aspartic acid 
were found in the hydrolysates of casein and L. arabinosus cells). It 
does not seem likely, therefore, that the relatively large amounts of p- 
aspartic acid found in the hydrolysates of the other bacteria (Table I) 
may be accounted for by racemization, unless one is willing to make the 
assumption that L-aspartic acid residues in certain bacteria are not subject 
to racemization on hydrolysis under the described conditions, while a 
large percentage of those in certain other bacteria may be racemized on 
hydrolysis under the same conditions. 

These data appear to support the conclusion that p-aspartic acid is 
probably an essential metabolite for L. brevis, L. lycopersici, and L. mesen- 
leroides, and with the latter organism, at least, it does not seem likely that 
the p-aspartic acid found was of an exogenous, non-essential nature, since 
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it has been shown (unpublished data) that most of the D-aspartic acid is 
to be found in the protein fraction of the cells. 


SUMMARY 

Response of six lactic acid bacteria to L-, DL-, and D-aspartic acids was 
determined in media with and without cysteic acid (an antimetabolite of 
aspartic acid). The results appeared to indicate that both L-aspartic acid 
and D-aspartic acid are essential metabolites for Lactobacillus brevis, Lacto- 
bacillus lycopersicit, and Leuconostoc mesenteroides, but that D-aspartic acid 
is not essential for Lactobacillus arabinosus. These conclusions were sup- 
ported by the finding of significant amounts of p-aspartic acid in hydroly- 
sates of the first three organisms, but not in the fourth. 
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THE INFLUENCE OF FLUOROACETATE ON THE 
CONCENTRATION OF FREE AMINO ACIDS IN 
RAT ORGANS* 


Br JORGE AWAPARA 


(From The University of Texas, M. D. Anderson Hospital for Cancer Research, 
Houston, Tezas) 
(Received for publication, February 26, 1952) 

Citric acid tends to accumulate in considerable amounts in various 
organs of rats receiving non-lethal doses of sodium monofluoroacetate 
(1-3). Potter, Busch, and Bothwell (2) found that the amount of citrate 
accumulated under a given set of conditions was not the same in each 
organ. They also observed that liver and tumor tissue failed to accumu- 
late citrate following the administration of fluoroacetate. Using the tech- 
nique of sequential blocking, Potter (4) demonstrated that the amount 
of citrate formed could not be accounted for on the basis of Krebs’ inter- 
mediates only, and he assumed that proteins or other sources were mo- 
bilized as precursors. 

The present investigation was initiated to ascertain the extent to which 
free amino acids, particularly aspartic acid, glutamic acid, and glutamine, 
contribute to the formation of citrate. The results reported here show 
that a significant amount of dicarboxylic acids and glutamine disappears 
from some organs after the administration of non-lethal doses of fluoro- 
acetate. 

Methods 


Male Wistar rats weighing 250 to 280 gm. were used throughout. In 
some experiments, the animalg were fasted for 20 hours prior to the in- 
jection of fluoroacetate. In other experiments, in which the action of 
fluoroacetate was studied over a longer time interval, the fasting started 
4 hours before the administration of fluoroacetate and continued until 
the time the animals were sacrificed. At the end of each experimental 
period, the animals were given a dose of 20 mg. of Nembutal, blood was 
drawn from the heart, and the organs to be investigated removed. Ali- 
quots of organs were weighed for the estimation of citric acid and free 
amino acids. The latter were determined by paper chromatography ac- 
cording to a procedure previously described by the author (5, 6), and by the 
microbiological assay method of Schurr and associates (7). Citric acid 
was measured by the procedure of Natelson, Lugovoy, and Pincus (8). 


* This work was supported in part by a grant (INSTR 23D) from the American 
Cancer Society. 
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RESULTS AND DISCUSSION 


Freshly prepared solutions of sodium monofluoroacetate were given in- 
traperitoneally to rats in doses of 1.6 mg. per kilo. This dose was selected 
on the basis of the results obtained by Potter, Busch, and Bothwell (2) 
and Lindenbaum, White, and Schubert (3). When fasted animals were 
given the indicated dose of fluoroacetate and sacrificed at the end of 3 
hours, a significant decrease in aspartic acid, glutamic acid, and glutamine 
was observed in the heart and the liver, but not in the kidney (Table I). 
The concentration of aspartic acid in the heart falls to values that are not 
detectable by the chromatographic method. This observation is of par- 


I 
Changes in Concentration of Some Free Amino Acids in Rat Organs 3 Hours after 
Injection of Fluoroacetate, 1.6 Mg. Per Kilo 


In micrograms of a-amino acid nitrogen per gm. of fresh tissue. Average of 
values from five animals and range of variation. 


Liver Heart Kidney 
Amino acid 
Glutamic acid 60 27 115 48 93 80 | 
(45-90) | (18-37) | (100-126) | (28-64) | (92-95) | (66-95) 
Glutamine 80 35 104 23 9 12 
(70-92) | (31-39) (62-148) | (25-32) | (4-17)/| (7-16) 
Aspartic acid 28 12 19 0 15 13 
(19-36 ) (8-15) (13- 22) (0-0) | (13-17) | (13-13) 
Glycine-serine 58 46 11 27 45 45 
(29-64) | (30-58) (10- 12) | (22-31) | (42-48) | (40-50) 


ticular interest in view of the results rep$rted by Potter (4) which in- 
dicated that, in the heart, oxalacetate may be formed from sources other 
than succinate. The enormous decrease in the aspartic acid concentration 
reported here seems to suggest that aspartic acid may be the major source 
of oxalacetate. Moreover, the significant decrease in the concentration of 
glutamine and glutamic acid in the heart indicates that these amino acids 
may also contribute their carbon skeletons to the formation of additional 
: oxalacetate. In a second experiment animals were fasted for 4 hours 
' prior to the administration of fluoroacetate and sacrificed at the end of a 
. 15 hour fasting period. Citric acid was measured in pooled aliquots of 


> the organs studied. The results, as reported in Table II, indicate that at 
; the end of the 15 hours there is an accumulation of citrate in the liver as 
+ well as in other organs. The concentration of aspartic acid, glutamic acid, 
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and glutamine also decreases considerably in the heart, liver, and skeletal 
muscle, but not in the kidney. Glycine and serine, which were measured 
together, because they were resolved incompletely in the chromatograms, 
show a significant increase in the heart at the end of 3 hours as well as at 
the end of 15 hours. In order to ascertain precisely which amino acid 
increases, a group of fasted rats was treated with fluoroacetate and sacri- 
ficed at the end of 3 hours. The hearts and livers were removed and free 
amino acids determined by microbiological assay (7). The serine con- 
tent in the hearts of animals treated with fluoroacetate was found to be 


II 
Changes in Concentration of Some Free Amino Acids in Rat Organs 15 Hours after 
Injection of Fluoroacetate, 1.6 Mg. Per Kilo 
In micrograms of a-amino acid nitrogen per gm. of fresh tissue. Average of 
values from five animals and range of variation. 


Liver Heart Kidney Muscle 
Amino acid 
Controt | Fluor | Control | Fluor | Control | | Controt | Fluoro- 
Glutamic | 45 25 103 29 124 133 19 9 
acid (38- 60), (15-38)} (85-151 (20-39 )| (105-143 ) (66-192 )|(12- 28), (0-20) 
Glutamine | 86 48 144 48 6 7 39 12 
(57-131 )| (35-64 )| (126-167 )| (26-76), (1- 13); (1— 15))(25- 57)| (2-25) 
Aspartic 38 9 28 4 16 10 2 0 
acid (17— (7-15)) (23- (0-12) (10- 23)) (6 17)| (0 6) 
Glycine- 62 30 16 28 72 61 94 30 
serine |(36- (18-42)) (8- (20-40), (59- 82))(32- 82)|(70-124)) (20-46) 
Citric acid*| 21 350 141 690 67 350 6 150 


* In micrograms per gm. 


from 100 to 115 y per gm. and in the controls from 38 to 45 y per gm., 
whereas the concentration of glycine remained the same. Other amino 
acids were determined in the liver. The values found are reported in Table 
III. After 3 hours and after 15 hours, insignificant changes in the con- 
centrations of free amino acids were observed in the kidney. This behavior 
cannot be ascribed to an inadequate action of fluoroacetate since, as shown 
in Table II, citrate accumulates in this organ. The decrease in aspartic 
acid in the kidney is too small to be of any significance, and there is little 
glutamine present in normal kidney to contribute to citrate formation. 
It is conceivable that glutamic acid actually contributes to the formation 
of oxalacetate, but the concentration of glutamic acid in the kidney may 
be maintained at a constant level by removing glutamic acid from the 
blood. This assumption is partially supported by experiments previously 
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reported in which it was demonstrated that among the organs studied the 
kidney had the greatest capacity to absorb intravenously administered 
glutamic acid (9). | 

The results of the present investigation suggest that the dicarboxylic 
amino acids and glutamine contribute their carbon skeletons to the forma- 
tion of oxalacetate in organs of fasted rats receiving fluoroacetate. The 
possibility that the changes in amino acid concentration may be the result 
of changes in cellular permeability is hardly possible, since some amino 
acids actually increase in concentration and others do not change. 


III 
Concentration of Free Amino Acids in Liver 3 Hours after Administration of 
Fluoroacetate, 1.6 Mg. Per Kilo 
In micrograms of a-amino acid nitrogen per gm. of fresh tissue. Average of 
values from five animals and range of variation. 


Amino acid Control | Fluoroacetate 


SUMMARY 


Following the administration of non-lethal doses of fluoroacetate to 
fasted male rats, a significant loss of free aspartic acid, glutamic acid, and 
glutamine was demonstrated in the liver, heart, and skeletal muscle, but 
not in the kidney. No changes in the concentration of other amino acids 
were observed in the liver, but a significant increase in serine concentration 
was demonstrated in the hearts of animals treated with fluoroacetate. 


The author wishes to acknowledge the technical assistance of Billie 
Seale, Leota Skirvin, and Robert Fuerst. 
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THE ISOLATION AND PROPERTIES OF CYTOCHROME ec 
FROM DIFFERENT SOURCES* 


By J. B. NEILANDSt 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 3, 1952) 


With the possible exception of the oxygen-carrying pigments, which 
are well known to exhibit source specificity (see Lemberg and Legge (1)), 
relatively little information has accumulated on the comparative bio- 
chemistry of those iron porphyrin proteins which possess enzymatic ac- 
tivity. Experiments on the immunology of catalases (2, 3) indicate a 
certain amount of species specificity. With the cytochromes, even less ~ 
information is available. The only well characterized member of this group 
of widely distributed respiratory catalysts is the cytochrome c. Starting 
with cow or horse hearts, Theorell (4-9) isolated this protein and studied 
it in great detail. Slightly different values for the iron content and elec- 
trophoretic mobility of cytochrome c from beef, horse, pig, and chicken 
hearts were reported by Tint and Reiss (10, 11). The authors considered 
the differences to be significant and to indicate variations in the protein 
parts of the molecules. Keilin (12) and Goddard (13) obtained extracts 
of yeast and wheat germ, respectively, which had the spectrum of cyto- 
chrome c. So far as the author is aware, the pigment has never been 
isolated in the pure state from any source other than the heart muscle of 
higher animals. 

The introduction of a new procedure, chromatography on synthetic ion 
exchange resin, has led to highly purified preparations of cytochrome c 
from salmon, chicken, dog, cow, and horse hearts (cf. Paléus and Neilands 
(14)). This procedure, which may find favor as a general tool in protein 
isolation, can also be applied for the isolation of other low molecular weight 
proteins such as ribonuclease (15) and lysozyme (16). It was thought 
possible that the new procedure might facilitate the isolation of cytochrome 
from various sources, such as plants and microorganisms. 

This paper gives detailed procedures for the isolation of cytochrome c 
from beef heart and from the rust fungus Ustilago sphaerogena. Weisel 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. A partial account of this work was given at the 12lst meeting 
of the American Chemical Society, Milwaukee, March 31, 1951. 

t Present address, Department of Biochemistry, University of California, Berke- 
ley, California. 


701 


4 

| 

¢ 

| 

4 


702 ISOLATION OF CYTOCHROME C 


and Allen' have observed that, under certain conditions of growth, the 
cells of the latter organism became red and exhibited the spectrum of 
cytochrome c. They were unable to extract the cytochrome from this 
organism by the usual techniques. The properties of the beef and fungus 
cytochromes that have been studied by us show that the protein parts 
of the 2 molecules are quite different. Our attempts to isolate cytochrome 
c from higher plants have so far been unsuccessful. 


EXPERIMENTAL 


Isolation of Cytochrome c from Beef Heart—The primary product was 
obtained by the method of Keilin and Hartree (17), with the modifications 
suggested by Potter (18). The preparation, after dialysis against cold 
dilute ammonium hydroxide (0.027 per cent), was lyophilized and stored 
as a dry powder. 

Commercial Amberlite IRC-50 was pulverized with a mortar and pestle 
until the particle size had been reduced to 200 to 400 mesh. The resin 
was washed on the centrifuge in succession with 5 per cent sulfuric acid, 
5 per cent sodium hydroxide, distilled water, and 0.1 m phosphate buffer, 
pH 7.0. A chromatography tube, 2.0 X 20 cm., was closed with a 1-hole 
rubber stopper; a layer of glass wool and a layer of powdered asbestos were 
placed over the stopper in order to prevent the particles of Amberlite from 
escaping from the tube. The resin, suspended in phosphate buffer, was 
poured into the tube to form a column about 10 cm. high. The column 
was then washed with phosphate buffer until the effluent had a negligible 
optical density at 280 my. 

The sample, 0.4 to 0.5 gm., was dissolved in the least amount of buffer 
and placed on the column. On washing with the same buffer, 0.1 m phos- 
phate at pH 7.0, the cytochrome remained lodged at the surface, while a 
brownish, non-cytochrome fraction migrated rapidly down the column and 
into the effluent. After the optical density at 280 my in the effluent had 
fallen to a value of less than 1.0 (1 cm. cell), the cytochrome was eluted 
from the column with a saturated solution of ammonium acetate. The 
pigment was collected in a small volume and dialyzed against cold, 0.027 
per cent ammonium hydroxide. The preparation was then lyophilized 
and stored at 5°. 

This material has been examined for purity by electrophoretic analysis 
in the region of the isoelectric point. A standard Tiselius apparatus 
equipped with a cylindrical lens schlieren optical system was used. Ex- 
periments were carried out in the range pH 9 to 11, with the same buffers 
that were employed by Theorell (5). A red filter (Corning No. 2424) was 
placed between the light source and the Tiselius cell, and the camera was 


1 Weisel, P., and Allen, P., unpublished. 
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the many valuable contributions made by R. M. Bock to this research. 
Only a single component was found in the electrophoresis experiments. 

Since the cytochrome is completely recovered from the column, the 
yield in moles is the same as that obtained by previous procedures (18). 

Isolation of Cytochrome c from U. sphaerogena—Our first attempts to 
extract cytochrome from this organism confirmed the observations of 
Weisel and a that treatment with dilute acids, as introduced by 
Theorell (4) and’ Keilin and Hartree (19) for heart muscle, fails in this 
case to make the enzyme soluble. The dried cells, which were red in color, 
lost the characteristic spectral bands of cytochrome c following pulveriza- 
tion in a ball mill. Finally, it was found that the cytochrome could be 
extracted simply by exposing a cell suspension to dilute sodium hydroxide 
at pH 10 to 11. 

The organism was cultured in the fermentation tank described by Stef- 
aniak and coworkers (20). Gordon Tener kindly assisted with the fer- 
mentation process described below. The medium used was 200 liters of 
tap water containing 1.0 per cent glucose and 1.8 per cent Difco yeast 
extract. After incubation for 36 hours at 25° the broth was mixed with 
7 kilos of Filter-Cel and pumped through a filter press. Enough water was 
added to the cake to give a fluid suspension and N NaOH was added to 
bring the pH to 10 to 11. The mixture was stirred mechanically for 4 
hours, NaOH being added from time to time to maintain the pH at 10 to 11. 
The mixture was pumped through the filter press and this time the clear, 
brownish extract was saved. 

The pH of the extract was reduced to 7 with syrupy phosphoric acid 
and 487 gm. of ammonium sulfate were added per liter of solution (about 
75 per cent saturation). The material was left at 5° for 3 to 4 hours, after 
which a white precipitate could be removed by filtration through fluted 
papers. The filtrate was completely saturated with ammonium sulfate 
and allowed to stand at 5° overnight. The next morning the cytochrome, 
which had precipitated, was filtered off and dialyzed against cold, 0.027 
per cent ammonium hydroxide until free from sulfate ion. This material 
was lyophilized and stored at 5°. 

This cytochrome was chromatographed in the same way as given above 
for beef cytochrome. The yield was about 0.5 gm. Electrophoretic analy- 
sis in the range pH 6.0 to 9.0 gave only one component. Also, a single 
component was found on sedimentation analysis in the oil turbine ultra- 
centrifuge of Svedberg. 


Comparison of Properties of Beef and Ustilago Cytochrome c 


Absorption Spectra—For examination of their optical properties, dilute 
solutions of the two samples of cytochrome were made up in 0.1 m acetate 


loaded with red-sensitive spectroscopic film. This suggestion was one of 
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buffer, pH 6.0. The light absorption properties of the two cytochromes 
were very similar. Both had a strong Soret band, attributed to the por- 
phyrin nucleus, in the region of 410 my. A “protein” band, contributed 
by the aromatic amino acids, lay near 280 my. On oxidation with dilute 
ferricyanide both samples exhibited a broad band in the green region, the 
summit of which was around 530 my. After treatment with sodium hy- 
drosulfite, both solutions showed the characteristic spectrum of reduced cy- 
tochrome c. The results of the latter experiment are given in Fig. 1. The 


MOLAR EXTINCTION COEFFICIENT (xIO>) 


25 535 545 555 
WAVE LENGTH (mp) 


Fic. 1. The absorption spectrum of reduced cytochrome c from U. sphaerogena 
(solid line) and beef heart (dash line). The molar extinction coefficients are per 
gm. atom of iron. The measurements were made with the Beckman model DU 
spectrophotometer according to the procedure of Tint and Reiss (11). See the 
text. 


discrepancies in the extinction coefficients over the wave-length range re- 
corded in Fig. 1 are so slight they may be considered insignificant. The 
fungus cytochrome shows the same tendency as the heart product to be- 
come oxidized and reduced at extremely low and high pH, respectively. 
The ratio of the extinction coefficients at 550 my (reduced form) and 
280 my (oxidized form) was 1.17 for the beef and 1.10 for the Ustilago 
cytochrome c. This ratio is of value as a check for purity and freedom 
from foreign proteins. It decreases somewhat in aged solutions. 
Molecular Weights—The molecular weight of the Ustilago cytochrome 
was determined directly by sedimentation and diffusion. The sedimenta- 
tion constant, 82, was found by use of the Svedberg oil turbine ultra- 
centrifuge to be 1.4 X 10-" second. The diffusion constant, Doo, was 
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calculated by the height-area method (21) to be 7.7 sec.—. 
Assuming that the partial specific volume is 0.74 cm.? gm.—', these data 
give M = 18,000. Iron analyses by the method of Lorber (22) gave the 
value of 0.28 per cent, corresponding to a minimum molecular weight of 
20,000. These figures must be considered preliminary, since the deter- 
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+2 
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Fic. 2. The pH-mobility relationship for cytochrome c from U. sphaerogena (@) 
and beef heart (C). The mobility and pH measurementa were made at 0°. 

Fic. 3. The catalytic activity of cytochrome c from U. sphaerogena (@); beef 
heart, chromatographed (O); beef heart, not chromatographed (2). In all cases 
the molar concentration of cytochrome c was 1.1 X 10°. Blank, succinate only 
(A). See the text. 


mination of molecular weight by the above methods is known to be subject 
to large errors when low molecular weight proteins are used. 

According to Pedersen (23) M,» for beef heart cytochrome is about 
12,000. We have found that samples of beef cytochrome c prepared by 
chromatography have an iron content of 0.455 to 0.466 per cent. The 
calculated iron content of an 81 per cent pure preparation of beef cyto- 
chrome was, according to Tint and Reiss (11), 0.453 per cent. If one 
selects 0.460 per cent as an average value, M = 12,100. 

Electrophoretic Mobility—The electrophoretic mobilities of the two cyto- 
chromes were compared through the use of the standard electrophoresis 
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apparatus. The proteins were examined in the region of their isoelectric 
points with the same buffer solutions that Theorell employed (5). The 
mobility of the chromatographed beef heart preparation is apparently 
identical with the electrophoretically isolated material of Theorell and 

(6). On the other hand, the Ustilago cytochrome c has a quite 
different pH-mobility curve. It is isoelectric near pH 7. These results 
are shown in Fig. 2. 

Catalytic Activities—The catalytic activities of the preparations were 
examined in the rat liver succinic dehydrogenase system of Potter (18). 
The amount of enzyme used in a final volume of 3.0 ml. was 0.1 ml. of a 
5 per cent homogenate of rat liver. Both of the pure samples of cyto- 
chrome c were tested, as well as a sample of beef cytochrome which had not 
been chromatographed. It is obvious from the data in Fig. 3 that all 
three preparations are active. However, since the samples were tested only 
at a single level, it is not possible to calculate their relative activities from 
this experiment. 


DISCUSSION 


The close similarity between the absorption spectra for beef and Ustilago 
cytochrome c points to an identical prosthetic group and a very similar 
configuration of the protein around the prosthetic group. Since the pro- 
tein parts of the molecule are obviously different, cytochrome c can evi- 
dently not be identified simply by spectral analysis. A somewhat similar 
situation exists in the case of hemoglobin and the iron porphyrin pigment 
(“‘leghemoglobin’”’) from the nodules of leguminous plants. The spectral 
properties of these two proteins are very similar (Little (24)), although 
according to Burris? their amino acid compositions are quite different. 

Differences in the protein parts of the Ustilago and beef heart cyto- 
chrome c are reflected by their electrophoretic behavior and solubility 
properties. The isolated Ustilago cytochrome, unlike the beef product, 
is precipitated from saturated ammonium sulfate solution. This property 
allows the fungus cytochrome to be concentrated without resort to the use 
of a coagulating reagent such as trichloroacetic acid. 

We have learned from experience that treatment of minced beef heart 
with dilute sodium hydroxide at pH 10 completely fails to extract cyto- 
chrome c. This is evidence that there is also a difference in the chemical 
or physical bonding of the two cytochromes to the cell substance. As 
regards the protein components, the similar values for the extinction co- 
efficient ratio, 550 my:280 my suggests that both proteins contain about 
the same number of aromatic amino acids per mole. However, the lower 
isoelectric point of Ustilago cytochrome points to a better balance between 


* Burris, R. H., unpublished. 
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the number of amino and carboxyl groups in the molecule. A complete 
amino acid analysis of beef cytochrome c has not yet been carried out. 
It would be very interesting to have this information for these enzymes. 


SUMMARY 


1. Chromatograp&ly on Amberlite IRC-50 has facilitated the isolation of 
cytochrome c from beef heart and from the rust fungus Ustilago sphaerogena. 

2. The properties of the cytochrome from U. sphaerogena, which gave a 
single component on sedimentation and electrophoresis, were compared 
with those of the beef heart product. ‘The process of chromatography 
affected only the purity and not the physical, chemical, or catalytic prop- 
erties of the cytochrome. 

3. The absorption spectra of the two preparations, in both oxidized and 
reduced states, were very similar. However, the fungus cytochrome c 
had a molecular weight of 18,000 to 20,000, calculated by sedimentation, 
diffusion, and iron analysis. The isoelectric point (0°) of the fungus cyto- 
chrome was near pH 7, in contrast to pH 10.7 for that of beef heart. 

4. Both beef and Ustilago cytochromes were active in the rat liver suc- 
cinic dehydrogenase system. 


The author is indebted to Phyllis Weisel and Paul Allen for gifts of cul- 
tures. Rt. A. Alberty kindly loaned the physical apparatus used in this 
work. 
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STUDIES ON THE STABILITY OF MITOCHONDRIAL 
CHOLINE OXIDASE* 


By J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, March 17, 1952) 


Recently a great deal of interest has been evoked concerning the choline 
oxidase system of animal tissues. The possible association of this enzyme 
system with folic acid, the Leuconostoc citrovorum factor (LCF), ascorbic 
acid, and vitamin By: has been indicated in work from this laboratory as 
well as others (1-5). Since both choline oxidase and its associated enzyme, 
betaine aldehyde oxidase, have been shown by the author to be located in 
the mitochondrial fraction of rat liver (6, 7), investigations of some of the 
properties of the enzyme system in mitochondria have been undertaken. 
Because of the insolubility of these enzymes of the mitochondria, attempts 
to isolate them have failed thus far. The intimate association of the ac- 
tivity of these enzymes with other fractions of rat liver has been pointed 
out previously by the author (6, 7). In the present studies, an investiga- 
tion of the stability of mitochondrial choline oxidase under various condi- 
tions has been made. It is hoped that from the information obtained in 
these studies procedures for making soluble and ultimately isolating choline 
oxidase can be developed. In this way the cofactors of the enzyme can be 
most easily and positively identified. 

EXPERIMENTAL 


Enzyme Preparation—Adult, male rats of the Sprague-Dawley strain 
were used as experimental animals. After stunning and decapitating the 
animals, the livers were removed and chilled in ice and homogenized in 4 
volumes of ice-cold 0.25 m sucrose (isotonic). The nuclei and cell débris 
of the homogenates were removed by centrifuging at 600 < g for 10 min- 
utes. The residue was washed twice with 3 ml. portions of isotonic sucrose 
per gm. of original liver and recentrifuged, and the supernatant added to 
that obtained after the first centrifugation. The combined supernatants 
were then centrifuged at 8500 X g for 10 minutes to obtain the mitochon- 
dria, and the resulting supernatant discarded. The mitochondria were 
washed twice with 3 ml. of isotonic sucrose per gm. of original liver and 
recentrifuged, and the supernatant discarded. The washed mitochondria 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 
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were suspended with vigorous shaking in 6.25 ml. of ice-cold distilled water 
or isotonic sucrose per gm. of original liver, depending upon the experiment. 
All centrifugations were carried out in an International refrigerated centri- 
fuge, model PR-1, with the high speed head. Except in the aging experi- 
ments, the mitochondrial fractions were prepared fresh for each experiment. 

Effect of Aging on Mitochondrial Choline Oxidase—After the preparation 
of fresh mitochondrial fractions in isotonic sucrose and water, the fresh 
activity was determined manometrically by a modification of the method 
for choline oxidase of Williams et al. (8). To Warburg flasks containing 
0.7 ml. of 0.039 m sodium-potassium phosphate buffer (pH 7.3), 0.25 ml. of 
water, and 0.1 ml. of 2 X 10~ m cytochrome c in the main compartment 
and 0.2 ml. of water or 2 per cent choline chloride in the side arms of alter- 
nate flasks was added 0.5 ml. of the final water or isotonic sucrose suspen- 
sions of the mitochondria prepared as in the preceding section. Before 
adding the mitochondrial suspensions to the flasks, they were centrifuged 
at 25,000 < g for } hour and resuspended in the same supernatant. This 
was done to keep all the experiments comparable, since in later studies the 
supernatant was replaced by other liquids. The side arm contents were 
added after a 10 minute temperature equilibration period (37°), the stop- 
cocks closed, and oxygen uptake readings taken after 10, 30, and 60 minute 
intervals. The mitochondrial suspensions in water and isotonic sucrose 
were then aged at 5° for 24 hours and 48 hours, and the choline oxidase 
activity determined as above after each of those time intervals. 

The results of these experiments are reported in Table I which gives the 
average of four separate aging experiments, each of which individually fol- 
lowed the same pattern. The results are reported as microliters of oxygen 
uptake per hour per flask. From Table I it can be seen that for the mito- 
chondria suspended in sucrose the activity decreased to 58 per cent of the 
fresh activity within 48 hours. For the water-mitochondria suspension the 
activity decreased to 18 per cent of the fresh activity after 48 hours of aging. 
Therefore, if the structural features of the mitochondria are retained as 
much as possible, 7.¢. in isotonic sucrose, the choline oxidase activity is like- 
wise maintained to a greater extent than if the mitochondria are aged in 
water. Similarly, some of the fresh activity is lost immediately by sus- 
pending the mitochondria in water as compared to isotonic sucrose. It 
appears then that mitochondrial choline oxidase is highly dependent upon 
the structural integrity of the mitochondria themselves. This fact is up- 
held by the results of experiments reported later in this paper. That the 
activity during aging was not lost to the supernatant by making the en- 
zyme soluble is upheld by the fact that the supernatants obtained after 
centrifugation of the aged preparations contained no choline oxidase ac- 
tivity. 
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In the next experiments studies were made to determine whether the loss 
in activity with aging is due to a loss of cofactors from the mitochondria or 
to a loss in activity because of inactivation of the enzyme protein itself. 
This was accomplished by centrifuging the mitochondrial suspension aged 
for 48 hours for 4 hour at 25,000 x g, discarding the supernatant, and re- 
suspending the mitochondrial residues in the same volume of supernatant 
from a fresh mitochondrial suspension which had been heated at 100° for 
7 minutes to inactivate enzymes and to extract any cofactors present. The 
results of these experiments are presented in Table II. Here it can be ob- 
served that some of the activity lost during aging was returned when the 
extract of fresh mitochondria was added to the aged preparation. The 
same amount of activity was returned to mitochondria suspended either 


Tasiz I 
Effect of Aging on Choline Oxidase Activity of Mitochondria Suspended in Isotonic 
Sucrose or Water 
Activity of preparation in pl. Os per hr. per flask 
Time of aging at 5° Mitochondria suspended in 
Sucrose Water 
0 87 74 
24 70 34 
48° 50 13 


* The activity of the supernatant of the preparations centrifuged after 48 hours 
was zero for both sucrose- and water-suspended mitochondria. 


in isotonic sucrose or water, but the activity was not returned nearly to 
normal in either case. This indicates then that most of the loss of activity 
with aging is probably due to denaturation of the enzyme protein, although 
some decrease is certainly due to a loss of cofactors of the choline oxidase 
system. 

Effect of Heat on Mitochondrial Choline Oxidase—Since addition of the 
supernatant from heated, fresh mitochondrial suspensions returns some of 
the activity lost during aging, the question might arise that perhaps choline 
oxidase is somewhat stable during the heating procedure and that one is 
actually adding enzyme extracted during heating. To show that this is not 
the case, experiments were carried out in which the effect of heat on mito- 
chondrial choline oxidase was studied. In these experiments aliquots of 
freshly prepared mitochondrial suspensions (in isotonic sucrose and in wa- 
ter) were heated for various time intervals at 100° (0, 1, 3, 5, and 7 min- 
utes), and the activities of the whole suspensions and the supernatants 
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obtained after centrifuging portions of the suspensions for periods of 4 hour 
at 25,000 X g were determined. It was found that activity was completely 
destroyed in the whole suspensions after heating for 1 minute, and that the 
supernatants also had no activity. Therefore, the increase in activity of 
the aged mitochondria, observed when the extract of heated mitochondria 
was added to the aged mitochondria, is caused by the presence of heat- 
stable cofactors and not by the presence of extracted enzyme. 

Attempts to Make Choline Oxidase Soluble—In these experiments an at- 
tempt was made to make mitochondrial choline oxidase soluble with so- 
dium choleate. Bile salts have often been used to extract insoluble enzyme 
preparations (9-12). Fresh mitochondrial suspensions were prepared as 
above and made | per cent with respect to sodium choleate (Merck). The 


II 
Effect of Adding Extract of Boiled Fresh Mitochondria on Choline Oxidase Activity of 
Mitochondria Aged 48 Hours 
| 
i“ 
Mitochondria aged i in sucrose | 28 
+ extract of boiled fresh mito- 
Mitochondria aged i im | | 
‘* + extract of boiled fresh mitochon- 


mitochondria appeared to go into solution, only a few fragments of insoluble 
material remaining. After centrifuging the sodium choleate-treated sus- 
pension for 1 hour at 25,000 xX g, the choline oxidase activity of the liquid 
was determined as outlined above. It was found that activity was absent, 
indicating either that sodium choleate inhibits choline oxidase or that dis- 
ruption of the mitochondria causes a loss in activity. Dialysis of the prep- 
aration did not return the activity. 

Effect of Freezing and Thawing on Mitochondrial Choline Oxidase—A 
study was made of the effect of alternate freezing and thawing on the pos- 
sibility of making mitochondrial choline oxidase soluble as well as on ac- 
tivity of the enzyme itself. Under these conditions disruption of the struc- 
tural unity of the mitochondria could occur quickly, with the possibility 
that the enzyme might go into solution without loss in activity. Fresh 
mitochondrial suspensions both in isotonic sucrose and water were prepared 
as described above. Aliquots of the suspensions in test-tubes were frozen 
rapidly in dry ice-acetone and thawed at 37°. Aliquots of the fresh, un- 
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treated suspensions and the frozen and thawed suspensions were centri- 
fuged at 25,000 X g for 4 hour, and remixed, and the activities of resus- 
pended aliquots determined. The average results of several of these 
experiments are presented in Table III. Here it can be seen that a single 
freezing and thawing depresses the activity of mitochondria suspended 
originally in either sucrose or water, the effect being somewhat more pro- 
nounced in the latter case. Successive treatments of freezing and thawing 
up to three times did not decrease the activity further in either case, indi- 
cating that the maximum damage was done during the first treatment. 

In the next experiments an investigation of the mechanism of this loss 
in activity with freezing and thawing was made. It is possible that the 
loss in activity was due either to denaturation of enzyme protein or destruc- 
tion of cofactors when the structural integrity of the mitochondria was 


Taste III 
Effect of Freezing and Thawing on Choline Oxidase Activity of Fresh Mitochondria 


Activity of preparation in wl. O2 per hr. per flask 
No. of freezing and thawing treatments Mitochondria suspended in 
Sucrose | Water 
0 101 94 
1 88 71 
2 83 67 
3 90 71 


disturbed. In these experiments, which were carried out coincidentally 
with those just reported, aliquots of the fresh and frozen and thawed mito- 
chondrial suspensions were centrifuged at 25,000 < g for } hour. The 
supernatant from one aliquot of the frozen and thawed suspension was 
replaced with an equal volume of isotonic sucrose or water. The super- 
natant from another aliquot of the frozen and thawed suspension was re- 
placed with the same volume of an extract of a fresh mitochondrial 
suspension which had been heated at 100° for 7 minutes. Then the choline 
oxidase activities of the fresh, untreated mitochondrial suspension, the fro- 
zen and thawed suspension, the frozen and thawed mitochondria resus- 
pended in water or isotonic sucrose or the extract of boiled mitochondria, 
and the supernatant from frozen and thawed mitochondria were deter- 
mined. The results of these experiments, reported in Table 1V, indicate 
that if the supernatant from the frozen and thawed mitochondria is replaced 
by isotonic sucrose or water the choline oxidase activity is lower than if 
the supernatant is not removed. This could indicate that some of the 
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enzyme had been made soluble and removed when the supernatant was 
removed. However, it can be seen that the supernatant alone has little or 
no activity. Therefore, it appears that cofactors rather than enzyme were 
removed with the supernatant. When an extract of boiled, fresh mito- 
chondria was added to the frozen and thawed mitochondria, the activity 
was returned almost to normal in the case of the mitochondria suspended 
in sucrose and was markedly increased with the water-suspended mitochon- 
dria. Therefore, these results indicate that removal of the supernatant 
from frozen and thawed mitochondria removes a large part of the choline 


TasLe IV 
Effect of Adding Extract of Boiled Fresh Mitochondria on Choline Oxidase Activity 
of Frozen and Thawed Mitochondria 


Activity of in wl. Os per 
Preparation Mitochondri led in 
Sucrose Water 
Fresh 101 94 
Frozen and thawed mitochondria.................... 88 71 
natant replaced by original suspending medium. . _ 79 55 
Frozen and thawed mitochondria centrifuged, super- 
natant replaced by extract of boiled fresh mito- 
Supernatant from centrifuged, frosen and thawed 


oxidase cofactors, which can be partially replaced by an extract of boiled 
mitochondria. 


DISCUSSION 


In the present studies it has been demonstrated that mitochondrial chol- 
ine oxidase decreases in activity with aging and that this loss in activity 
is more pronounced if the preparations are aged in water than in isotonic 
sucrose. This loss in activity with aging appears to be due more to protein 
denaturation than to loss of cofactors from the mitochondria, since the 
addition of an extract from boiled, fresh mitochondria returns only a small 
amount of the original activity. With a freezing and thawing technique 
activity is lost from the mitochondria, which does not decrease with further 
freezing and thawing treatments. This loss in activity appears to be due 
more to a loss in cofactors from the mitochondria than to denaturation of 
the enzyme protein, since the activity can be returned almost completely 
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to frozen and thawed mitochondria in sucrose and markedly returned to 
similarly treated mitochondria suspended in water by boiled mitochondrial 
extracts. The question arises as to the identity of these cofactors. At the 
present time this must remain a question, although work is now in progress 
in this laboratory on this problem. 

Attempts to make mitochondrial choline oxidase soluble and still retain 
its activity have met with little success. Bile salts appear to make the 
mitochondria soluble to a great extent, but the activity of choline oxidase 
is completely lost during this procedure. Freezing and thawing offer little 
more in this respect, although information was obtained pointing to the 
requirement of the choline oxidase system for a heat-stable cofactor or 
cofactors. 


SUMMARY 


1. Aging of mitochondrial suspensions decreases their choline oxidase 
activity. About 58 per cent of the activity of mitochondria suspended in 
sucrose and 18 per cent for mitochondria suspended in water are retained 
after 48 hours. 

2. Evidence has been presented to indicate the requirement of mitochon- 
drial choline oxidase for a heat-stable cofactor or cofactors. 
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METABOLISM OF CYTOSINE, THYMINE, URACIL, AND 
BARBITURIC ACID BY BACTERIAL ENZYMES* 


By OSAMU HAYAISHIf ano ARTHUR KORNBERG 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, March 17, 1952) 


Early studies with pyrimidines administered to animals established the 
fact that these compounds are metabolized (3, 4). Present concepts of 
the pathways of pyrimidine metabolism stem largely from the work of 
Cerecedo (4), in which he measured the changes in the urinary excretion 
of urea after feeding pyrimidines and related substances. On the basis 
‘ of these studies, he proposed an initial oxidation at carbon 5, which in 
the case of uracil yields isobarbituric acid and with thymine results in 
thymine glycol. It was further proposed that oxalic acid, formic acid, and 
urea are ultimately obtained from uracil and that acetol, carbon dioxide, 
and urea result from thymine. However, the indirect nature of the evi- 
dence leaves this scheme open to question. 

Our approach to this problem has been first to obtain, through enrich- 
ment culture, bacterial strains which rapidly metabolize pyrimidines and 
then to investigate the detailed metabolic pathway with enzymes obtained 
from these bacteria. Results both with whole cells and partially purified 
enzymes have suggested the pathway of pyrimidine metabolism indicated 
in Fig. 1. 


Methods 


Materials—Pyrimidines were commercial products, the identity of which 
was verified spectroscopically.'_ Isobarbituric acid was prepared according 
to Behrend and Roosen (5) and possessed the extinction coefficients cited 
by Heyroth and Loofbourow (6). Urease and protamine sulfate were 
products of the Nutritional Biochemicals Corporation. 

5-Methylbarbituric acid was synthesized by the method of Gerngross 
(7). The melting point (203-204°, uncorrected) indicated identity with 
the a form described by Nishikawa (8). The analysis’ was as follows: 


Calculated, C 42.29, H 4.26, N 19.23; found, C 42.50, H 4.29, N 19.46 


° Preliminary reports of this work have been presented (1, 2). 

t Special Research Fellow, United States Public Health Service. 

‘A commercial sample of cytosine was found to contain less than 2 per cent of 
cytosine and over 95 per cent of uracil. 

? Microanalyses were performed by the Microanalytical Laboratory of the 
National Institutes of Health under the supervision of Dr. W. C. Alford. 
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Spectroscopic examination showed fairly close agreement with the data 
of Stuckey (9), except that the absorption maximum at pH 7.0 is at 267 my 
and in 0.1 ~ NaOH is at 269 my (« = 19,700 and 17,300, respectively); 
Stuckey reported an absorption maximum in 0.1 N NaOH at 262 my 
(« = 19,200). As previously observed (8, 9), this compound is unstable at 
acid and neutral pH and is readily oxidized by air to yield 5-hydroxy-5- 
methylbarbituric acid, which has only negligible absorption in the ultra- 


HN'—*CH HN — CH HN — C=O NH2 COOH 
CYTOSINE URACIL BARBI TURIC UREA MALONIC 
ACID | ACID 
N= C—NHp HN— C=O 


O=Cc omc c— omc C02 + H20 + 


HN — CH 


5-METHYL- THYMINE 5-METHYLBARBI- 
CYTOSINE TURIC ACID 


Fic. 1. Pathway of bacterial metabolism of pyrimidines. The numbering system 
for the pyrimidine ring conforms to current usage by Chemical Abstracts. The old 


system was employed previously (1, 2). 


violet region. The stability at various temperatures and pH values is 
shown in Table I. 

Cell-free extracts of bacteria were prepared by grinding with alumina 
by the method of MclIlwain (10). Washed cells were ground with twice 
their weight of alumina (Alcoa A-301) at 0° for 5 minutes. The paste was 
extracted with 10 parts of buffer (see below) and the mixture was cen- 
trifuged at 0° at 16,000 < g for 10 minutes. All subsequent manipulations 
in the purification of enzymes were conducted at 0-2°. 

Assay of Uracil-Thymine Oxidase—Since the extinction of the oxidation 
products was much greater than that of the substrates, the rate of increase 
in optical density served as the basis for measurement. The test system 
(at 22-25°) contained 0.3 ml. of uracil or thymine (0.001 m), 0.3 ml. of 
methylene blue (2.67 M), 2.3 ml. of tris(hydroxymethyl)amino- 
methane buffer (0.02 m, pH 8.5), and 0.1 ml. of enzyme. Readings were 
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taken at 2 minute intervals (at 255 my in the case of uracil and at 270 my 
in the case of thymine) in a model DU Beckman spectrophotometer. A 
unit of enzyme was defined as the amount producing a density increase of 
0.100 during the first 10 minutes and specific activity was defined as units 
per mg. of protein. With about | unit of enzyme in this test system, the 
reaction rate is linear for about 30 minutes and proportionality is observed 
between rate and the amount of enzyme added (0 to 5 units). 

Assay of Barbiturase—The test system (22-25°) contained 0.1 ml. of 
barbituric acid (0.02 m, sodium salt), 0.3 ml. of glycylglycine buffer (0.2 m, 
pH 8.25), 0.4 ml. of water, 2.5 mg. of crystalline bovine serum albumin, 
and 0.2 ml. of enzyme. At 10 minute intervals, 0.1 ml. aliquots were re- 
moved and the reaction was stopped by dilution to 3.0 ml. with phosphate 
buffer (0.02 m, pH 7.0). Readings were taken at 255 my. A unit of en- 


Tasiz I 
Stability of 5-Methylbarbiturie Acid As Influenced by Time, Temperature, and pH 
‘i pH 1.9 pH 6.9 pH 9.7 
hrs. 
0 16, 430 16, 430 16,820 16,820 16,820 16,820 
2.5 13,720 5,000 16, 200 13,750 16, 500 17,000 
16 2,650 470 15, 500 4,000 16,800 16,000 


The concentration of 5-methylbarbituric acid was 0.001 u. The values are the 
optical density units at 270 my at a final pH of 7.0 calculated for a 1 m solution in 
a cell of 1 cm. light path. 


zyme was defined as the amount producing a density decrease of 0.100 
in a 10 minute interval. 

Protein was determined by the method of Lowry e¢ al. (11). Ammonia 
was distilled by the microdiffusion method of Conway (12) and determined 
by nesslerization (13). Ion exchange chromatography was performed ac- 
cording to Cohn (14). Dowex 1 anion exchange resin (200 to 400 mesh) 
was prepared by washing the resin first with 3 N HCl until the washings 
were free of material absorbing at 260 my and then with distilled water 
until the chloride ion test was faint. Paper chromatography was carried 
out with Whatman No. 1 filter paper by the ascending method. After 16 
hours at room temperature, the paper was dried and the spots visualized 


_ With a model V41 Mineralight fluorescent lamp. 


Results 
Experiments with Intact Cells 


Isolation and Properties of Organism—Samples of soil were suspended 
in 0.8 per cent NaCl solution (1 part of soil to 9 parts of saline). 1 ml. of 
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soil suspension was incubated in 9 ml. of a medium containing K;,HPO, 
(0.15 per cent), KH:PO, (0.05 per cent), MgSO,-7H,O (0.02 per cent), 
and thymine and uracil (0.1 per cent each) in distilled water. After growth 
of the organisms became visible, several transfers were made successively 
in the same medium at daily intervals and finally the culture was plated 
out on this medium containing 2 per cent agar. The strain which grew 
most abundantly was isolated and designated as strain 161. 

Strain 161 is an aerobic, gram-positive rod, non-motile and non-acid-fast, 
and does not form spores. It shows considerable pleomorphism; 16 hour 
cultures are made up exclusively of rod-shaped organisms, but after 36 
hours (at 30°) there are irregular forms and granular staining. On the 
basis of these morphological characteristics, strain 161 has been tentatively 
assigned to the genus Corynebaclerium.' 

A strain of Mycobacterium‘ was subsequently found to metabolize uracil 
and thymine in a similar way and, because of its rapid growth, was used 
for enzymatic studies. It shows similar morphological properties to strain 
161 except that it retains Ziehl’s fuchsin after treatment with 5 per cent 
sulfuric acid for several seconds. 

Strain 161 was cultured in a medium containing thymine or uracil (0.1 
per cent) as the sole source of carbon and nitrogen; the salts were as de- 
scribed above. The organisms were grown in 20 liter glass carboys con- 
taining 10 liters of the medium at about 26° for 40 hours, with constant 
mechanical shaking. Cells were harvested by centrifugation in a Sharples 
supercentrifuge, washed once with a 0.5 per cent NaCl-0.5 per cent KCl 
solution, and suspended in phosphate buffer (0.02 m, pH 7.0) at a concen- 
tration of approximately 1 mg. of dry weight per ml. The yield of cells 
was approximately 0.5 gm. (wet weight) per liter of medium. 

Manometric Studies—Oxygen uptake by a suspension of resting cells 
cultured on thymine was determined with thymine, uracil, or barbituric 
acid as the substrate. As shown in Fig. 2, each of these substrates brings 
about an immediate consumption of oxygen, the total uptake corresponding 
approximately to 4, 3, and 2 atoms per mole of thymine, uracil, and bar- 
bituric acid, respectively. These values represent about 50 to 60 per cent 
of the theoretical calculated for complete combustion and suggest that 
the remainder of the carbon has been assimilated into cell material. When 
the organism was grown on an ordinary broth medium, there was a long 
lag period before oxygen uptake was observed. That this lag was due to 
the adaptive formation of tuymine-oxidizing enzymes was verified by a 

* We are indebted to Dr. C. B. van Niel and Dr. R. Y. Stanier for advice concern- 
ing this classification. 

‘ This strain, originally isolated from rabbit feces by Dr. Schatz, Dr. Savard, and 
Dr. Pintner, was classified and kindly furnished to us by Dr. T. Stadtman. 
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determination of thymine oxidase activity of cell-free extracts of cells 
before and some hours after exposure to thymine. 

Manometric experiments with cells grown on uracil gave essentially 
the same results as those obtained with cells grown on thymine. Growth 
on uracil was less rapid than on thymine and the latter substance was 
usually employed for large scale cultivations. 

Spectrophotometric Studies; Isolation of Barbituric Acid—Ultraviolet 
spectrophotometry carried out during the course of uracil or thymine oxi- 
dation revealed a transitory increase in density indicating the formation 
of intermediates with higher extinction coefficients than the substrates.® 
A large scale experiment on uracil oxidation designed to permit isolation 


TIME IN HOURS 
Fic. 2. Oxygen uptake by cells grown in the presence of thymine (solid line) and 
in the absence of thymine (dotted line). In the absence of thymine, 0.1 per cent of 
peptone was substituted. Each Warburg vessel contained 2 um of substrate and 
about 1 mg. (dry weight) of cell material in a total volume of 2.0 ml. of 0.02 m phos- 
phate buffer, pH 7.0. 0.2 ml. of 10 per cent KOH was in the center well. Tempera- 
ture, 31.5°. 


of the product was carried out as follows: Uracil (112.1 mg., 1.0 mm) was 
incubated at 37° with constant stirring with 50 ml. of a resting cell sus- 
pension and 50 ml. of phosphate buffer (0.02 m, pH 7.0). Aliquots (0.1 
ml.) diluted to 25 ml. with phosphate buffer (0.02 m, pH 7.0) were ex- 
amined at 260 my at hourly intervals. There was a steady increase in 
absorption, which at 4 hours reached a value almost 3 times that of the 
original; thereafter, the absorption decreased. At 4.25 hours, 90 ml. of 
the reaction mixture were centrifuged to remove the cells. The absorp- 


* The extent and duration of this increase varied with different batches of cells 
related possibly to the age of the culture. For example, with thymine-grown cells 
(48 hours old) with thymine as substrate, the density (at 270 my) decreased, while 
with uracil as substrate, the density (at 255 my) increased initially. On the other 
hand, uracil-grown cells (48 hours old) usually brought about an initial density 
increase with thymine and a decrease with uracil. 
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tion spectrum of the supernatant at acid, neutral, and alkaline pH was 
essentially identical with that of the recrystallized reaction product and 
an authentic sample of barbituric acid. The supernatant solution was 
concentrated in vacuo to about 5 ml. and acidified to pH 1.0 with HCl. 
White rhombic crystals appeared on standing at 0° overnight. A sample 
recrystallized from dilute HCI (12.1 mg.) melted at 240-243°; mixed with 
authentic barbituric acid (242-243°), it melted at 240-243° (uncorrected). 
The nitrogen content was 21.41 per cent; calculated value 21.90 per cent. 
Paper chromatography of this product in three different solvent systems 
provided additional support of its identity with barbituric acid (Table IT). 

As indicated by the results of manometric studies described above (Fig. 


Tasie II 
Paper Chromatography of Uracil Oxidation Product 


Solvent A | SolventB Solvent C 
Rp values 


Solvent A, butanol saturated with 10 per cent aqueous urea solution (Carter, 
C. E., J. Am. Chem. Soc., 72, 1466 (1950)). Solvent B, butanol, ethylene glycol, and 
water, 4:1:1 (Vischer, E., and Chargaff, E., J. Biol. Chem., 168, 781 (1947)). Sol- 
vent C, propanol and water, 10:3. 


2), cells grown on either thymine or uracil were adapted to the oxidation 
of barbituric acid. They were not able to oxidize a large number of other 
pyrimidines tested including cytosine, 5-methylcytosine, isobarbituric acid, 
6-methyluracil, dihydrouracil, 2-thiouracil, and 2-thio-5-methyluracil. 
With regard to 5-methylbarbituric acid, the anticipated product of thy- 
mine oxidation, manometric experiments were complicated by its insta- 
bility, but spectrophotometric measurements revealed essentially the same 
rate of decomposition as that of barbituric acid. | 
Spectrophotometric Studies with Cells Grown on Cytosine—When cytosine 
was substituted for thymine or uracil in the culture media, the growth was 
much less favorable unless an additional carbon source, such as glucose, 
was added. Suspensions of cells grown on a cytosine-glucose (0.1 per cent 
of each) medium under similar conditions metabolized either cytosine or 
5-methylcytosine immediately as judged by a decrease in optical density 
at 265 my (Table III). Cells grown on either thymine or uracil (with or 
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without glucose) did not metabolize cytosine or 5-methylcytosine under 
the same test conditions. However, the cytosine-adapted cells produced 
changes in light absorption with uracil or thymine as substrate which re- 
semble those produced by cells grown on thymine or uracil. 

It may be noted that the growth substrate influences the nature of the 
initial changes in optical density produced by intact cells. In some in- 
stances, there is an increase in density as an indication of the accumulation 
of an intermediate, while in others no such accumulation is observed. 


III 
Influence of Growth Substrate in Spectrophotometric Studies with Intact Cells 
Test substrate 
| 
Growth substrate Thymine | Uracil Cytosine “cytosine 

A, optical density (0-30 min.) 
Thymine (glucose).............| —0.090 | +0.045 0.000 —0.005 
Uracil (glucose)...............| +0.213 —0.150 +0.005 —0.005 
Cytosine (glucose)............. +0.205 +0.213 —0.095 —0.100 


Pyrimidines (0.1 per cent) and glucose (0.2 per cent) in the basal salt mixture. 
After 48 hours, the cells were harvested, washed, and weighed. Yields of 0.80, 
0.42, and 0.38 gm. per 500 ml. of culture medium were obtained with thymine, uracil, 
and cytosine, respectively. The cell suspension was made with 0.8 per cent KCl 
solution and the concentration was standardized to give a density of 0.46 at 650 my 
in the Coleman model 6B junior spectrophotometer. 0.2 ml. of cell suspension, 0.3 


mi. of 0.001 m pyrimidine solution, and 2.5 ml. of 0.02 m phosphate buffer (pH 7.0) 
were incubated in a Beckman cuvette and the reaction was followed at 270, 255, 260, 


and 265 my for thymine, uracil, cytosine, and 5-methylcytosine, respectively. 
Uracil-Thymine Oxidase 

Preparation of Enzyme—Large scale cultivation of Mycobacteria was 
carried out as described above for Corynebacteria (strain 161). About 
0.5 to 1.0 gm. of wet cells was obtained per liter of culture medium and 
could be stored at —10° without loss in activity for a period of at least 
6 months. Cell-free extracts prepared by grinding with alumina and ex- 
tracting with tris(hydroxymethyl)aminomethane buffer (0.02 m, pH 9.0) 
were treated with ammonium sulfate (24.5 gm. per 100 ml. of extract). 


The precipitate was removed by centrifugation and more ammonium sul- 
fate was added to the supernatant (10.5 gm. per 100 ml. of extract). The 
resulting precipitate, collected by centrifugation, was dissolved in tris- 
(hydroxymethy!)aminomethane buffer (0.02 m, pH 9.0) to a volume cor- 
responding to one-twentieth that of the extract. This fraction contained 
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35.6 units per ml. and 1.2 mg. of protein per ml. The specific activity of 
cell-free extracts (uracil as a substrate) was 10.9 when the cells were grown 
on a cytosine-glucose medium and 10.2 when uracil was substituted for 
cytosine. This fact coupled with the behavior of intact cells (Table III) 
indicates that the initial step of deamination of cytosine or 5-methylcyto- 
sine is an adaptive process and these compounds are metabolized by way 
of uracil or thymine, as previously reported with other microorganisms 
(15-17). 

Isolation and Identification of Reaction Products—Uracil or thymine 
(1.0 ml. of 0.02 m) was incubated at 30° (with constant shaking) with 
enzyme (2.0 ml.), methylene blue (2.0 ml. of 2.67 K 10-* m), and tris(hy- 
droxymethy])aminomethane buffer (15 ml. of 0.2 m, pH 8.7). The course 
of reaction was followed by the increase in optical density (at 255 my for 
uracil and 270 my for thymine). When the reaction was complete, a 
small aliquot was removed for determination of the absorption spectrum 
and the remainder was adsorbed at 2° on a Dowex 1 chloride column and 
eluted with ammonium chloride-ammonium hydroxide buffer (0.1 m, pH 
9.9). All operations with the thymine oxidation product were performed 
in the cold to minimize the autoxidation of 5-methylbarbituric acid, the 
presumed product. 

The absorption spectra of the final uracil and thymine incubation mix- 
tures determined at acid, neutral, and alkaline pH are identical with the 
spectra of barbituric acid and 5-methylbarbituric acid respectively (Fig. 
3). Additional evidence supporting identity of the uracil oxidation prod- 
uct with barbituric acid and of the thymine oxidation product with 5- 
methylbarbituric acid was provided by ion exchange analysis (Fig. 4).: 

Specificity, pH Optimum, and Substrate Affinity—Under the spectro- 
photometric test conditions described for uracil and thymine oxidation, 
the enzyme did not act upon the following pyrimidines: barbituric acid, 
isobarbituric acid, 5-methylbarbituric acid, 6-methyluracil, dihydrothy- 
mine, dihydrouracil, 2-thiouracil, 2-thio-5-methyluracil, and cytosine. 

The dependence of reaction rate on substrate concentration is shown 
in Fig. 5, A. The Michaelis constants (18) calculated from these data 
are 0.35 X 10~* and 1.31 X 10~ mole per liter for thymine and uracil, 
respectively. 

The optimum pH of the reaction is about 8.5; the activity at neutral 
pH is only one-tenth as great (Fig. 5, B). The enzyme is most stable at 
an alkaline pH. There is no appreciable loss of activity for at least several 
months on storage at pH 9.0 at —10°. 

The fact that the ratio of the rate of thymine to uracil oxidation is al- 
most identical in cell-free extracts from either uracil- or thymine-adapted 
cells or in the partially purified enzyme preparations indicates the identity 
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Fic. 3. Absorption spectra of reaction products and authentic barbituric acid and 
5-methylbarbituric acid. The thymine and uracil oxidation products were chromato- 
graphed on an ion exchange resin column (see Fig. 4). The eluates were pooled 
and used for determination. 

Fic. 4. lon exchange chromatogram. Conditions as described in the text. A 9.5 
em. X 1.0 sq. cm. column was used. The rate of flow was about 19 ml. per 30 minutes. 
Recoveries based on the absorption at 260 my were 88.0, 90.5, 95.0, and 82.0 per cent, 


respectively, reading from top to bottom. 
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Fic. 5. Rate of thymine and uracil oxidation as a function of substrate concentra- 
tion (A) and pH (B). 0.03 ml. of enzyme (0.063 mg. of protein), 0.1 ml. of 0.001 
thymine or uracil, 0.3 ml. of 2.67 X 10-* m methylene blue, and 0.1 m of buffer in a 
total volume of 3.0 ml. Glycylglycine buffer, pH 8.8, was used in A. Thymine 
oxidase activity was measured at 270 my and uracil oxidase activity at 255 mp. In 
B, the values were corrected for the change of absorption coefficient of the substrates 
at different pH values. O, phosphate; @, glycylglycine; A, glycine. 
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of the two oxidase activities. Further proof was provided by a kinetic 
analysis of the competitive inhibitory action of uracil and thymine. As 
shown in Table IV, the affinity of uracil for the enzyme was the same 
whether it was determined with uracil as a substrate or as a competitive 
inhibitor of thymine oxidation; similar results were obtained with thymine. 

Electron Transport—When cell-free extracts were incubated with the 


Taste IV 

K, of Uracil and Thymine for Uracil-Thymine Oxidase 
0 10-¢ 2 xX 3 X 
Thymine oxidized*.......... 0.356 0.292 0.240 0.210 
1.19 X 10°* | 1.08 X 10 | 1.10 10° 
di 10-* 10-* 10-¢ 
0 10~¢ 2X 10-* 3 X 10-* 
Uracil oxidizedt............. 0.177 | 0.066 0.042 0.035 
K, of thymine............... 0.38 X 10°* | 0.35 K 10° | 0.42 x 10~¢ 


The incubation mixture contained 0.03 ml. of enzyme (protein 0.063 mg.), 0.15 
ml. of 2.07 X 10-* m methylene blue, uracil, and thymine, as indicated, and 0.1 
glycylglycine buffer (pH 8.0) to make a total volume of 1.5 ml. Depth of cells, 
05cm. After 20 minutes at 26°, readings were taken at both 250 and 270 my and the 
amount of each substrate oxidized was determined. Kg for uracil = 1.31 K 10°-‘m; 
Kg for thymine = 0.35 X 10°‘ m. Ky,, dissociation constant of inhibitor-enzyme 
complex ; Ks, dissociation constant of substrate-enzyme complex; /, concentration 
of inhibitor; S, concentration of substrate; v, velocity; v;, velocity in the presence 


* Increase in optical density at 270 my corrected for the change due to the oxida- 
tion of uracil. 

t Increase in optical density at 250 my corrected for the change due to the oxida- 
tion of thymine. 


substrate, neither oxygen consumption nor substrate removal was ob- 
served. It was noted, however, that under anaerobic conditions methyl- 
ene blue was decolorized by these extracts in the presence of substrate and 
that the reaction also proceeded aerobically if methylene blue was present. 
The physiologic mechanism of electron transport has not been determined. 
Xanthine oxidase from milk and reduced diphosphopyridine nucleotide 
oxidase from Clostridium kluyveri* did not serve as mediators in place of 
methylene blue. Reduction of added di- or triphosphopyridine nucleotide 
was not detectable under the conditions employed nor was there any 


* Kindly furnished by Dr. Leon A. Heppel. 
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stimulation of the reaction by added adenyl coenzymes, metals, boiled 
enzyme, or boiled yeast extract. 
Barbiturase 

Purification of Enzyme—Mycobacteria were cultured under essentially 
the same conditions as for the preparation of uracil and thymine oxidase 
with the exception that uracil (0.1 per cent) and glucose (0.2 per cent) 
provided the sole nitrogen and carbon sources. The inclusion of glucose 
increased the yield of cells to about 1.5 gm. per liter of culture medium 
and also increased the yield and specific activity of the enzyme 3- to 4- 
fold. Cell-free extracts prepared by grinding with alumina and extract- 
ing with phosphate buffer (0.02 m, pH 6.65) were lyophilized and stored 
at —10°. 500 mg. of lyophilized powder (obtained from 5.3 liters of cul- 
ture medium) were dissolved in 20 ml. of distilled water and insoluble 
material was centrifuged off and discarded. To the supernatant (cell 
extract, Table V) were added 20 ml. of phosphate buffer (0.02 m, pH 7.0) 
and 4 ml. of protamine sulfate (10 mg. per ml.). After 3 minutes, the 
precipitate was collected by centrifugation and extracted with 20 ml. of 
0.5m K:HPO,. The opalescent extract was diluted with 60 ml. of water. 
Removal of the resulting precipitate by centrifugation yielded a clear, 
colorless solution (protamine fraction). While this step yielded little or 
no purification on a protein basis, it succeeded in removing all the nucleic 
acid which was present in the cell-free extract. 10 ml. of the protamine 
fraction were adsorbed on a Dowex 1 formate column (8 cm. X 1 sq. cm.) 
and eluted with 0.1 mw K;:HPO, at a rate of 0.3 ml. per minute. The eluate 
was tested for both urease and barbiturase activity and the fraction be- 
tween 18 and 22 ml. was observed to possess the highest specific activity 
of barbiturase and practically no urease activity; the urease activity ap- 
peared in a later eluate. 

Isolation and Identification of Reaction Products—With the crude cell- 
free extract, the disappearance of barbituric acid was matched by a total 
release of ammonia in amounts approximating the theoretical nitrogen 
content. However, a significant lag in NH; production was observed 
(Fig. 6, A) which could be eliminated by the addition of crystalline urease 
(Fig. 6, B). In the presence of urease 1 mole of CO; was evolved per mole 
of barbituric acid destroyed. With the purified enzyme only 0.16 mole of 
ammonia was released per mole of barbituric acid removed.’ In the pres- 

’ Similar results were obtained by inhibiting urease with silver ions. With crude 
cell-free extracts, 0.56 <X 10-* m AgCl inhibited barbiturase 27 per cent and urease 
100 per cent. After the reaction was completed, accumulation of urea could be 
demonstrated by diluting the reaction mixture and observing the effect of added 
urease. 
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ence of added urease the value was 1.97 (Table VI), and similar values 
were observed during the entire course of the reaction. The reaction pro- 
ceeded at the same rate and to the same extent under anaerobic conditions. 

When urea had been established as a product, it was presumed that 
malonic acid might be the other product. Accordingly, a large scale ex- 


TaBLe V 
Purification of Barbiturase 
Total activity |Specific activity,  280:260° 
Uracil-glucose cell extract................. 234 12.85 0.55 
Protamine treatment....................... 173 13.9 1.45 
Dowex 1 column, Fraction aft.............. 168 77.0 1.47 


* Ratio of optical density at 280 my compared with that at 260 mz. 
t Fraction a is the eluate between 13.5 and 36.0 ml.; Fraction b is the eluate be- 
tween 18 and 22.5 ml. 
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Fic. 6. Disappearance of barbituric acid and formation of ammonia. 40 um of 
barbituric acid (sodium salt), 0.6 ml. of crude extract (3.36 mg. of protein), 1.2 ml. 
of water, and 0.2 ml. of 0.2 m glycylglycine buffer, pH 8.2. Barbituric acid was 
measured spectrophotometrically at 270 my. 


periment designed to isolate the product was performed; barbituric acid 
(25 ml., 0.04 Mm) was incubated with 20 ml. of cell-free extract (60 mg. of 
protein) and 5 ml. of glycylglycine buffer (0.2 m, pH 8.25). After 100 
minutes at 26° (when the ultraviolet absorption of barbituric acid was 
completely removed) 2 N sulfuric acid was added to bring the pH to 2.2 
and the resulting precipitate was removed by centrifugation. The super- 
natant was extracted with ether continuously in a Kutcher-Steudel ex- 
traction apparatus for 6 hours. The ether extract was taken to dryness 
and the white solid sublimed at 60° under reduced pressure (0.05 mm. of 
Hg). The white crystalline product (86 mg.) gave the following analysis: 
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found C 34.94 per cent, H 4.01 per cent, m.p. 134—135° (uncorrected) ; 
calculated (for malonic acid), C 34.60 per cent, H 3.84 per cent (melting 
point of authentic sample 134-135° (uncorrected)). The identity of the 
product with malonic acid was further verified by the characteristic yellow 


VI 
Accumulation of Urea with Cell-Free Extract and Purified Enzyme 
Without urease With urease 
uM pM 
Cell-free extract Barbiturie acid —8.5 —8.5 
Ammonia +11.8 +16.0 
Purified enzyme Barbituric acid —6.8 —7.0 
Ammonia +1.1 +13.8 


The experiment with cell-free extract was carried out with 0.6 ml. of extract 
(0.84 mg. of protein), 0.25 ml. of 0.04 m barbituric acid (sodium salt), 0.2 ml. of 0.2 
u glycylglycine buffer (pH 8.2), and water to a final volume of 4.0 ml. The experi- 
ment with purified enzyme was carried out with 1.1 ml. of enzyme (Fraction 6, 
Table V), 0.5 ml. of 0.04 m barbituric acid (sodium salt), 0.2 ml. of 0.2 m glycylglycine 
buffer (pH 8.5), 0.2 ml. of water, and 5 mg. of crystalline bovine albumin. 4 mg. of 
urease were added as indicated. Incubation, 1 hour at 24°. 


Fic. 7. Rate of barbiturase reaction as a function of substrate concentration (A) 
and pH (B). 0.1 ml. of enzyme (0.21 mg. of protein), 0.1 ml. of 0.02 m barbituric 
acid (sodium salt), and 0.8 ml. of 0.1 m buffer. Glycylglycine buffer (pH 8.0) was 
used in A. O, phosphate; @, glycylglycine; A, glycine. 


fluorescence under ultraviolet light upon heating with acetic anhydride 
(19) and by the characteristic appearance of its barium salt in dilute eth- 
anol solution (19). 

Specificity, pH Optimum, and Substrate A ffinity—There was no action, 
as judged spectrophotometrically, on the following compounds: 5-methyl- 
barbituric acid, orotic acid, barbital, pentobarbital, 2-thiobarbituric acid, 
and isobarbituric acid. 
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The optimal pH is between 8 and 9 (Fig. 7, B) and the Michaelis con- 
stant (K,,) calculated from the data shown in Fig. 7, A is approximately 
3.37 X 10-* mole per liter. 


DISCUSSION 


It may be concluded from these and previous studies (15-17) that in 
bacteria aminopyrimidines such as cytosine and 5-methylcytosine are first 
deaminated to produce uracil and thymine, respectively. This reaction 
appears to be due to a single enzyme which is adaptive in character. 
Uracil and thymine are both oxidized at carbon 6 by a single enzyme, 
which is also adaptively produced, to form barbituric acid and 5-methyl- 
barbituric acid, respectively. While this sequence of reactions is based 
on data derived from bacterial systems, it is a reasonable conjecture that 
the same pathway may be valid in mammalian systems. 

Concurrent with our preliminary report (1), Wang and Lampen (20) 
described the metabolism by certain bacteria of uracil and thymine to a 
product which was later identified as barbituric acid (21). Batt and 
Woods (22) have also reported the accumulation of a compound when 
thymine is oxidized by resting bacterial cells. They consider this com- 
pound to be a phosphorylated uracil-5-carbinol (2 ,6-dihydroxy-5-hydroxy- 


methylpyrimidine). However, their evidence for this formulation is not ' 


complete and the description of the spectroscopic characteristics of the 
compound do not preclude its identity with 5-methylbarbituric acid. 
Lara (23) has investigated the metabolism of pyrimidines by several bac- 
terial strains and has obtained findings similar to those reported by us. 
He found that barbituric acid is the only substance among many listed 
which is oxidized without lag by cells adapted to uracil or thymine. He 
also found malonic acid to be a product of the enzymatic degradation of 
barbituric acid. 

The precise way in which barbituric acid is converted to urea and ma- 
lonic acid has not been established. The initial hydrolytic step can be 
assumed to yield a compound such as the half ureide of malonic acid with 
a subsequent hydrolytic cleavage to produce urea and malonic acid. Even 
with the most purified enzyme preparations there has been no indication 
of the accumulation of such an intermediate. In the presence of excess 
urease the liberation of ammonia exactly equals the removal of barbituric 
acid. The removal of the intermediate may be the result of the more 
effective action at this step by the same enzyme which carries out the 
first hydrolytic step or it may be due to the action of an additional enzyme 
or could even be a spontaneous reaction. 

The fate of 5-methylbarbituric acid is still unknown. As stated pre- 
viously, it is readily metabolized by the whole cell under aerobic con- 
ditions at the same rate as barbituric acid, but, after alumina grinding or 
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sonic treatment, bacterial homogenates* were uniformly inactive. It may 
be assumed, therefore, that the enzyme is extremely labile or that some 
rather complex reaction is necessary to initiate this degradation. 

On the assumption that the initial attack on 5-methylbarbituric acid 
is non-oxidative, as in the case of barbiturase reaction, anaerobic experi- 
ments were conducted with 5-methylbarbituric acid and suspensions of 
thymine-grown cells. No change in optical density was observed, even 
after prolonged incubation. However, control experiments with barbituric 
acid under similar conditions revealed that there was no action on barbi- 
turic acid either. Thus, the removal of barbituric acid, which is carried 
out by cell-free enzymes at the same rate in the presence or absence of 
oxygen, does not occur under anaerobic conditions when intact cells are 
used. This could be due to an energy requirement for absorption of the 
substrate into the cell which is supplied under aerobic conditions. 

The ability of malonic acid to act as a competitive inhibitor of succinic 
acid in the succinic dehydrogenase reaction has created the common im- 
pression that malonic acid is an unnatural, toxic substance. This attitude 
can be seriously questioned in view of the current findings that malonic 
acid is a product of uracil metabolism and indications that it is a readily 
metabolizable substrate. The utilization of malonic acid by microor- 
ganisms (24-26) as well as by mice (27) and rats (28) has been reported. 
The formation of malonic acid from oxalacetic acid by pig heart prepara- 
tions has also been observed (29). 

We have isolated several strains from soil by growth on media in which 
malonic acid served as a sole carbon source. The rather poor utilization 
of malonic acid by uracil-adapted cells, noted in the present work, may be 
related to an inability of malonic acid to enter the cell readily. Another 
possibility is that a labile compound which yields malonic acid in the iso- 
lation procedure is the true and rapidly metabolized intermediate. 

SUMMARY 

1. The metabolism of pyrimidines by strains of Corynebacterium and 
Mycobacterium isolated by enrichment culture has been studied with cell 
suspensions and enzymes purified from cell-free extracts. 

2. The results suggest the following metabolic pathways: 

(a) Cytosine —> uracil —> barbituric acid — urea + malonic acid 


| 
CO; + NH; CO; + H:0 
(b) 5-Methylcytosine — thymine — 5-methylbarbituric acid — 
NH; + CO; + H:O 


* Bacterial homogenate designates the turbid suspension containing broken cell 
material, membranes, soluble components, and a negligible number of intact cells. 
Cells treated with alumina or disrupted by sonic oscillation were centrifuged at low 
speeds, just adequate to remove intact cells. 
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3. The oxidation of uracil and thymine at carbon 6 to yield barbituric 
acid and 5-methylbarbituric acid, respectively, was shown to be due to 
the action of a single enzyme, “uracil-thymine oxidase.”’ 

4. An enzyme, “‘barbiturase,”’ catalyzing the hydrolysis of barbituric 
acid to urea and malonic acid was partially purified and freed of urease. 

5. The oxidation of 5-methylbarbituric acid has been observed only 
with intact cells and the detailed mechanism has not been established. 
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STUDY OF PRECURSORS OF FORMATE IN THE INTACT RAT* 


By SIDNEY WEINHOUSE ann BERNICE FRIEDMANN 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, January 2, 1952) 


Although a possible réle of formic acid in animal metabolism has been 
long considered (1), recent indications of its formation and utilization in 
a wide variety of metabolic processes have sharpened interest in its bio- 
chemical significance (2-9). In connection with a study of the metabolism 
of glycine and glycolic and glyoxylic acids (10), it was desirable to know 
to what extent these and related substances are metabolized via formate 
in the intact rat. In the present study results are reported of an investi- 
gation of formate production in vivo from various C-labeled precursors, 
by use of a simple “trapping” procedure which is a modification of the 
in vitro method of Siekevitz and Greenberg (3, 4) and the in vivo method 
of Mackenzie (2). 


Methods 


Siekevitz and Greenberg (3, 4) have successfully employed a trapping 
procedure, using a pool of unlabeled formate, to demonstrate the produc- 
tion of formate from a variety of labeled substances in rat liver slices; 
Mackenzie, observing that formaturia resulted from the ingestion of sarco- 
sine, utilized this principle in demonstrating conversion of methyl car- 
bons of sarcosine and betaine to formate in the intact rat. In the pres- 
ent modification, advantage was taken of an old observation (11) that 
when formate is administered to dogs a high proportion is promptly ex- 
creted in the urine. In brief the method consists of administering a C"- 
labeled compound to rats by intraperitoneal injection, together with un- 
labeled sodium formate, and assaying the radioactivity of the formate 
excreted in the urine during the subsequent 6 hours. 

Administration of Substrates and Collection of Urine—Exploratory experi- 
ments with labeled formate (see Table I) resulted in the adoption of the 
following routine procedure for injection of substrates and isolation of 
urinary formate. Sodium formate in an amount of 1 ml. of a stock solution 
containing 2.00 mm per ml. is injected intraperitoneally in a young male 

* Aided by grants from the National Cancer Institute of the National Institutes 
of Health, United States Public Health Service, the United States Atomic Energy 


Commission, contract No. AT(30-1)777, and by an institutional grant from the 
American Cancer Society to the Institute for Cancer Research. 
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rat weighing about 150 gm., and this is followed immediately by a similar 
injection of the labeled substrate, brought to pH 7, in a volume of 1 to 2 
ml. All of the rats employed in this study weighed between 127 and 193 
gm. and were fasted for 24 hours prior to the experiment in order to mini- 
mize effects of exogenous foodstuffs. Although not strictly necessary to 
obtain data on formate excretion, the practice was followed of collecting 
respiratory CO, for 6 hours after the injections. This served the purpose 
of providing some measure of the rate of over-all metabolism of the sub- 
strates during the period of active formate excretion. Immediately after 
the injections the rat is placed in the metabolism chamber previously 
described (10) and CO, is collected for alternate } hour intervals over a 
5 to 6 hour period. 

Isolation and Oxidation of Formate—The 6 hour urine specimen is acidi- 
fied with 2 ml. of 50 per cent sulfuric acid, 0.5 gm. of silver sulfate is added 
(to prevent volatilization of chloride ions as HCl), and distillation is carried 
out with steam until no more volatile acid distils. The volume of fluid in 
the distilling flask is maintained at 5 to 10 ml. by intermittent application 
of heat from a burner. Throughout the distillation 50 ml. fractions are 
collected and titrated; about ten fractions are required for complete re- 
moval of formate. The entire neutralized distillate is evaporated on the 
steam bath to a volume of about 50 ml., and the solution is transferred to 
a 3-necked 125 ml. flask carrying a lead in tube extending to the bottom, 
a dropping funnel, and a condenser leading to a bead tower. The appa- 
ratus is similar to the one used for oxidation of labeled compounds by 
means of persulfate (12). 

While CO,-free air is drawn through the flask by application of suction 
at the top of the bead tower, 2 ml. of 50 per cent sulfuric acid are added to 
the flask and aeration is continued for 10 minutes to insure removal of 
CO,. 10 ml. of 0.5 m sodium hydroxide are added to an Erlenmeyer flask, 
which is then attached to the bead tower, and 10 ml. of a 10 per cent 
solution of mercuric sulfate are added to the formate solution through the 
dropping funnel. Air is drawn through the flask and bead tower for 30 
minutes while the solution is refluxing. The bead tower is then washed 
down with CO,-free water, and the carbonate precipitated by addition of 
3 ml. of 20 per cent barium chloride solution. The barium carbonate is 
collected and counted by conventional procedures (12). 

This method was found to give quantitative recoveries of formate carbon 
as barium carbonate. No more than traces of volatile acids other than 
formate could have been present in the urine, since formate yields de- 
termined by titration invariably checked very closely with values ohtained 
after oxidation with mercuric ions. In order to test its specificity further, 
the isolation and oxidation procedure was carried out with 1 mM of un- 
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labeled formate and 0.2 mm of each of the labeled substrates used in this 
study. In no instance did measurable activity appear in the recovered 
formate. 

Radioactive Substances—Glycine, a- and carboxyl-labeled, and methyl- 
labeled sodium acetate were obtained from Tracerlab, Inc. Labeled 
sodium formate was secured from the Isotopes Division of the United 
States Atomic Energy Commission. Glycolic and glyoxylic acids were 
prepared as described previously (10) and methyl-labeled sarcosine was 
synthesized by Mr. Henry Nakada by the method described by Mackenzie 
(2). Serine and methionine were gifts of Dr. J. A. Stekol, to whom we 
express our thanks. Acetoacetate was prepared by Ruth H. Millington 
as described previously (13). Methyl-labeled acetone was prepared by 
Ruth H. Millington as follows: 5 mm of methyl-labeled sodium acetate 
containing 100 uc. of C™ were dissolved in water, acidified with sulfuric 
acid, and distilled with steam. The distillate was neutralized with barium 
hydroxide and evaporated to dryness and the barium salt was dried 
thoroughly and pyrolyzed in a high vacuum at 450°. The acetone was 
collected in a receiver cooled in liquid nitrogen. After “rinsing” the appa- 
ratus with a total of 5 mm of normal acetone, the product was purified by 
fractionation at low temperature in vacuo. Yields in this procedure, as 
established in several exploratory runs, ranged upwards of 90 per cent. 
All radioactive intermediates were obtained on allocation by the United 
States Atomic Energy Commission. 

Radioactivity assays were all conducted with a mica window counter on 
samples of barium carbonate spread in an “infinitely thick” layer on a 
standard dish 7.5 sq. cm. in area. The relative specific activity is the 
ratio of the specific activity of the product (X< 100) to that of the labeled 
carbon of the substance injected, and total activity is the specific activity 
multiplied by the micromoles of carbon. The per cent of total activity is 
the ratio of total activity (X 100) to the total activity injected. 


RESULTS AND DISCUSSION 


Oxidation and Excretion of Injected Formate—In order to establish the 
feasibility of this procedure for rats a number of exploratory experiments 
was conducted with C-labeled formate. In confirmation of the early 
report on dogs (11) it was found that a large proportion of intraperitoneally 
injected formate is promptly excreted. When 2 mm of the salt are thus 
administered, approximately half is excreted in 3 to 6 hours and most of 
the remainder is oxidized to CO:. Since 1 m» of formate is a convenient 
amount for recovery and radioactivity assay, and since 2 mm produced no 
visible untoward effects, this quantity was adopted as a standard dosage 
in subsequent experiments. Results of a single experiment carried out 
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essentially as described above and which is typical of a total of seven such 
experiments are given in Table I. To follow the urinary excretion of 
formate as closely as possible, each separately voided sample of urine was 
assayed individually and five samples were obtained over a 6 hour period 
after administration of the labeled salt. Excretion of the labeled formate 
was virtually complete in less than 4 hours, and over 80 per cent of this 
was excreted in 2 hours. 

The data on relative specific activity indicate that the injected formate 
is diluted somewhat by metabolic formate, but the amounts are relatively 
small. In the experiment of Table I, for example, it could be calculated 


TABLE I 
Excretion and Oxidation of Labeled Formate Administered to Intact Rat 


The activity of the labeled formate was 10,640 c.p.m. R.S. A. = relative specific 
activity. 


— Formate Respiratory CO: 
administration 
Amount R.S. A. | Total activity | Amount R.S. A. | Total activity 

hrs. uM per cent per cent uM per cent per cent 
0- 4 218 97.8 16.7 5.13 1.43 3.6 
+1 275 88.8 12.3 6.24 2.51 7.9 
l- 2 333 83.0 13.7 9.23 3.18 14.6 
2- 3 9.51 2.52 12.0 
3- 4 150 83.0 7.6 9.31 1.13 5.2 
4-5 8.86 0.38 1.7 
5- 6 41 4.7 1.0 9.04 0.27 1.2 
6-24 20 

Total. ... 51.3 | | 46.2 


that 157 um of unlabeled metabolic formate were excreted over the 6 hour 
period, corresponding to 26 um per hour. In other experiments the values 
ranged from 20 to 60 um per hour and were not appreciably different in fed 
or fasted rats. These are minimal values, since no account was taken of 
the metabolic formate undergoing oxidation or other conversions. It can 
be assumed that the true metabolic formate production may be at least 
2 to 3 times these values, approximating perhaps 50 to 100 us per hour. 
This still represents a relatively small proportion of the total carbon metab- 
olism of the rat, since approximately 10,000 um of CO, are produced dur- 
ing the same interval, and it can therefore be presumed that formate is 
probably not an intermediary in general metabolic processes. 

Formate Production from Labeled Precursors—Data on formate excretion 
and oxidation to CO, of a variety of C™-labeled substrates are collected 
in Tables II and III. The values in the next to the last column do not 
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convey an accurate representation of the conversion of the substrate to 
formate. Since only one-third to one-half of the total of 2000 um of in- 
jected formate is excreted under the conditions employed, we can. safely 
assume that at most only one-third to one-half of the labeled metabolic 
formate was excreted; hence at least about 3 times as much formate was 
probably formed than indicated by the values in this column. These 
values are minimal for another reason; viz., there is no assurance of com- 
plete equilibration between the injected and metabolic formate. More- 
over, since urinary excretion of the injected formate probably varies in 
different rats, differences may be expected in the “pick up” of metabolic 
formate. In view of these uncertainties the method can be regarded as 
primarily of qualitative value in testing formate production, although it 
would seem reasonable:to assume that large differences between various 
substrates in labeled formate excretion probably reflect differences in rates 
at which the labeled carbon is converted to formate. 

Glycine, Glycolate, and Glyoxylate—The metabolic production of formate 
from the a-carbon of glycine was definitely established for the rat liver 
slice by Siekevitz and Greenberg (3). The present study extends this 
finding to the intact rat. As shown in Table II, from 0.5 to 1 per cent of 
the glycine activity injected was converted to formate; as could be antici- 
pated, the relative specific activities increased with increasing amounts 
of glycine administered, but the percentage conversion decreased with 
increasing dosage. In general, this pattern was followed with all of the 
substrates tested. The data for respiratory CO, definitely show that all 
substrates were readily oxidized during the course of formate excretion. 

It was hoped that comparative data on formate production from gly- 
colate and glyoxylate might answer the question of whether glyoxylate 
is the immediate precursor in formate production from glycine (10). The 
somewhat greater conversion of glyoxylate to formate than of glycine or 
glycolate a-carbons can be cited in favor of such a rdéle of glyoxylate; 
however, the uncertainties of the method do not allow a decision, since a 
rapid conversion of both glyoxylate and glycolate to glycine occurs in the 
intact rat (10). 

Serine—Owing to lack of sufficient material, only one experiment was 
performed with §-labeled serine. The observed formation of formate, al- 
though low, is in agreement with results of Siekevitz and Greenberg with 
liver slices (4) and is in accord with previous inferences concerning the 
intermediate formation of formate in the conversion of the serine 8-carbon 
to labile methyl groups (5, 14) (however, cf. (15)). 

Acetoacetate and Acetone—Studies of Price and Rittenberg (6) and Sakami 
(7) indicated the conversion of acetone to acetate and formate, presumably 
via a C,-C, split. The production of formate from the acetone methyl 
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carbons was inferred from the conversion of this carbon, as well as formate 
carbon, to the 8-carbon of serine and to the labile methyl groups of choline 
and methionine (7, 16). The rapid formation of formate from the acetone 
methyl carbon in the present study directly confirms this inference. More 
recently Sakami and Lafaye (17), on the basis of the distribution of acetone 
carbons in glycogen, concluded that there may be an additional, direct 


Taste II 
Production of Formate from Labeled Precursors in Intact Rat 


Compound injected Formate excreted 
Labeled carbon 
Total otal 
Substance Amount Sees Amount | R.S. A.) activity | activity 
uM c.p.m. uM percent | percent per cent 
Glycine............ 250 | a 46,100 760 | 0.30 | 0.97 34 
510 12,418 | 1040 | 0.40 | 0.82 24 
1000 | 9,000 710 | 0.65 | 0.46 26 
250 COOH 35,000 | 1000 | 0 0 40 
Glycolic acid....... 66 | a 53, 000 820 | 0.079 | 0.98 
270 10, 200 970 0.30 | 1.08 26 
es 200 15,600 | 1500 | 0.13 | 0.97 10 
ee — 133 | COOH 36, 200 900 | 0 0 
Glyoxylic “ 270 | a, COOH | 23,640 750 0.85 | 2.36 17 
270 23,640 830 | 0.77 | 2.38 
160 | B 29, 640 930 | 0.18 | 1.05 34 
Acetoacetic acid...| 200 | a,y 4,286 | 1050 | 0.26 = 1.36 62 
4,286 | 1000 | 0.33 | 1.10 6S 
as as 1000 0.08 4,286 | 1190 | 0.82 | 0.98 71 
1860 11,670 610 | 1.56 | 0.51 59 
160 CH; 3,970 920 0.46 | 2.64 27 
320 3,970 | 1030 | 1.40 | 4.50 13 
950 3,970 | 1220 | 1.42 | 1.82 6 
Acetic acid......... 200 | a 7,346 | 1020 | 0 0 73 
Glucose............ 200 o 14,800 840 | 0.015 | 0.098 51 


pathway of acetone metabolism leading to a 3-carbon intermediate of 
glycolysis, but they also suggest the possibility that this substance may be 
the precursor of “formate.” If so, one might expect that serine, which 
appears to be readily converted to pyruvate (18), should be as good a 
formate producer as acetone. Our results, which demonstrate a far more 
rapid conversion of acetone methyl than of serine 8-carbon to formate, 
would appear to be in better agreement with the original postulation of a 
direct split of acetone to acetate and formate. However, a definite decision 
cannot be made from the present data, in view of the quantitative un- 
certainties of the procedure. 
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Although a rapid production of formate from acetoacetate was observed, 
we are inclined to believe that this is due to non-enzymatic decarboxylation 
of acetoacetate to acetone in the animal. This reaction can occur at an 
appreciable rate under physiological conditions (19) to yield sufficient ace- 
tone to account for the formate production. However, an enzymatic split 
of acetoacetate into acetone and CO:, which may be envisioned from the 
recent report of Plaut and Lardy (8) on the carboxylation of acetone, is 
not ruled out in the present study. Evidently formate is not produced in 
the course of the metabolism of acetoacetate via acetate, since the latter 
does not yield formate (Table IT). 

Glucose and Acetate—Although the small isotopic dilution of the excreted 
acid in the experiments with labeled formate suggested that formate is 


Taste III 
Production of Formate from Labile Methyl Compounds in Intact Rat 


Compound injected Formate excreted Reeny 
Labeled carbon 
Substance Amount Amount | R.S.A. | _ Total Total 
Specific activity 
Position activity 
uM C.p.m. uM percent per cent per cent 
Sarcosine........| 170 CH; | 133,300 | 1425 1.96 16.5 32 
230 58,700 | 1660 2.63 19.0 37 
Methionine. ..... 60 = 15,200 | 1000 0.37 6.17 70 
e ne 120 - 15, 200 930 0.92 7.13 20 
ee rae 200 « 15,200 | 1030 1.34 6.90 28 


probably not a quantitatively important intermediate in metabolism, this 
possibility was tested more directly with labeled glucose and acetate. Both 
substances were oxidized readily, as shown by the radioactivity of the 
respiratory CO, but there was virtually no activity in the excreted formate. 
Apparently formate can be excluded as an intermediate in the catabolism 
of carbohydrates or fatty acids. 

Conversion of Methyl Groups of Methionine. and Sarcosine to Formate 
(Table 111)—Because of the general interest in the problem of the oxida- 
tion of labile methyl groups several were examined in the present study. 
Of all substances tested sarcosine methyl carbon was most rapidly trans- 
formed to formate, the rates, at comparable injection levels, being about 
10 times that from the glycine a-carbon. The production of formate from 
methionine methyl was also high and was exceeded only by sarcosine 
methyl. These results are in accord with the studies of Siekevitz and 
Greenberg in rat liver slices (4) and with those of Mackenzie ét al. (2, 20, 
21) who demonstrated a rapid oxidation of methionine and sarcosine methyl 
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in vivo. These results are in accord with the prevailing view (4, 22-24) 
that the labile methyl group can be oxidized readily to CO, by animal cells, 
probably via formaldehyde and formate. 


SUMMARY 


An isotopic procedure has been described for detecting formate produc- 
tion in the intact rat. The method consists of administering a labeled 
substance by intraperitoneal injection, together with unlabeled sodium 
formate, and measuring the radioactivity of the formate excreted in the 
urine. 

The intact rat was found to produce formate from the following sub- 
stances: a-labeled glycine, glycolate, and glyoxylate, 8-labeled serine, and 
methyl-labeled acetone, sarcosine, and methionine. Carboxyl-labeled gly- 
cine and glycolate, methyl-labeled acetate, and over-all-labeled glucose 
did not yield formate in amounts detectable by the procedure used. 
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Methods for the quantitative determination of steroids have been de- 
veloped, based on their specific chemical or physicochemical properties. 
The Zimmermann reaction (1) and the Kober reaction (2) have been found 
useful in the quantitative determination of certain individual steroids oc- 
curring in urine. Modifications of these reactions have been reported by 
Callow ef al. (3), Holtorff and Koch (4), and others (5,6). These reactions 
give characteristic colors with specific absorption maxima when pure com- 
pounds are used. The chromogenic impurities in urinary extracts make a 
correction factor necessary when these methods are employed. The color 
produced by the interaction of alcoholic H.SO, and certain steroids has 
been used for the estimation of testosterone (7) and dehydroisoandrosterone 
(8, 9). 

A color reaction between various steroids and the anthrone reagent has 
been described in a recent publication from this laboratory (10). The 
reaction of the anthrone reagent with urinary steroid extracts and a.method 
of computing the concentration of dehydroisoandrosterone and total 17- 
ketosteroids are reported here. 

When the individual absorption spectral curves of each of several com- 
ponents of a mixture of substances are known, the proportional amounts of 
each of the substances may be determined from the spectral characteristics 
of the mixture. The reaction of the anthrone reagent with androsterone 
and dehydroisoandrosterone yields absorption spectral Curves A and B 
respectively (Fig. 1) as well as Curve D resulting from the mixture of 
androsterone and dehydroisoandrosterone. Spectral absorption maxima 
for the constituents are defined in the region of 415 to 420 and 470 to 475 
my. Since the contours of the absorption spectral curves of the com- 
ponents are established, optical density measurements are required at only 
two wave-lengths to resolve the composition of any mixture of these con- 
stituents, provided the materials conform to Beer’s law when examined at 
the designated wave-lengths. The colored solutions produced by the re- 
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action of certain steroids with the anthrone reagent are adaptable to this 
type of calculation. 

A useful derivation from Lambert’s law (11-13) may be expressed as 
follows: 


(1) D, = 2A; + yB, 
(2) = zAz + yB: 
and 
D— 2A, 
D, —zA; yB; 
whence 
(3) 


where z represents the fraction of the concentration of the standard refer- 
ence solution of Compound A in the mixture. 

This equation may be derived for the resolution of the concentration of 
constituents in such mixtures with the elimination of k from the equation: 


B,D, — BD, 
ad 
and 

A,\D, — AD, 
(6) A,B, — 


In a mixture of z amounts of Compound A and y amounts of Compound 
B, the spectral characteristics of which have been measured with known 
amounts of pure Compounds A and B, where z and y are the amounts of 


A,, B, = optical densities of standard reference solutions of Compounds A and B 
respectively at wave-length 1 

A:, B: = optical densities of standard reference solutions of Compounds A and B 
respectively at wave-length 2 

D,, D: = optical densities of the mixture of Compounds A and B at wave-lengths 
1 and 2 


Compounds A and B expressed as increments of the concentrations of the 
standard Compounds A and B employed. 
From data represented in Fig. 1 the following may be obtained. 


A, = 0.580 A; = 0.112 
B, = 0.233 B; = 0.339 
D, = 0.810 D; = 0.451 
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Substitution of observed values in Equations 4 and 5 yields values for 

androsterone and dehydroisoandrosterone of 99.4 and 100.2 per cent of the 

concentration of the standard solutions used. 

The absorption spectral curves resulting from the interaction of anthrone 

with androsterone (Curve A), dehydroisoandrosterone (Curve B), etio- 


OPTICAL DENSITY 


900420 440460 480 500520 540 


WAVELENGTH (MUL) 

Fia. 1. Absorption spectra of the colors produced by the addition of an equal 
volume of the anthrone reagent to absolute alcoholic solutions of androsterone 
(219 y per 2 ml.) (Curve A), dehydroisoandrosterone (92 y per 2 ml.) (Curve B), and 
a mixture containing 219 y of androsterone and 92 y of dehydroisoandrosterone in 2 
ml. (Curve D). Length of cell, 1 cm. 


cholanolone (Curve C), and a mixture of androsterone, dehydroisoandros- 
terone, and etiocholanolone (Curve D) are presented in Fig. 2. The data 
represented by the curves are calculated as the optical density of the color 
produced by a 1 m concentration of the steroid used. From Fig. 2 it may 
be observed that the contours of the curves for androsterone and etio- 
cholanolone are nearly identical. Substitution of optical density values 
for androsterone standards may be used in calculations involving mixtures 
of androsterone or etiocholanolone or both. 
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Wave-lengths 415 and 475 my were chosen for optical density measure- 
ments, as absorption maxima produced by the steroids in the mixtures 
were maximal at these wave-lengths and changes in concentrations of 
the constituents are reflected best by changes in the optical densities at 
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Fic. 2. Absorption spectra of the colors produced by the addition of an equal 
volume of the anthrone reagent to absolute alcoholic solutions of androsterone (124.2 
+ per 2 ml.) (Curve A), dehydroisoandrosterone (64.8 y per 2 ml.) (Curve B), etio- 
cholanolone (456 7 per 2 ml.) (Curve C), and a mixture containing 124.2 y of andros- 
terone, 64.8 7 of dehydroisoandrosterone, and 456 y of etiocholanolone in 2 ml. 
(Curve D). The data represented were calculated as optical density per molar 
solution. Length of cell, 1 em. 


these wave-lengths. Small errors in determination of the constants are 
exaggerated when the constants are introduced into the calculations. 


EXPERIMENTAL 


Reagents—(1) Absolute alcohol, 99.9 per cent. (2) Anthrone reagent, 
0.2 per cent anthrone (9, 10-dihydro-9-ketoanthracene) in 96 per cent sul- 
furic acid, c.p. (sp. gr. 1.83). 
> The steroid is dissolved in absolute ethanol and a 2 ml. aliquot contain- 
‘ ing from 75 to 750 y, depending upon the steroid investigated, is transferred 
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to a test-tube (19 < 150 mm.) in which has been previously placed a glass 
stirring rod with one end flattened to form a disk. 2 ml. of anthrone re- 
agent are cautiously added in such a manner that the anthrone reagent 
forms a layer beneath the alcoholic steroid solution. Mixing is carried 
out by gently raising and lowering the stirring rod until thorough mixing 
is obtained. Care must be taken to avoid vigorous ebullition and boiling 
away of the alcohol during this procedure. The reaction mixture is al- 
lowed to stand for 1 hour, after which it is transferred to a Corex cuvette 
and the optical density measured against a reagent blank consisting of 2 
ml. of absolute ethyl alcohol and 2 ml. of anthrone reagent on a model 
DU Beckman quartz spectrophotometer at wave-lengths 415 and 475 my. 
From time studies it was established that the color developed rapidly 
within the first 15 minutes and increased only slightly within the next 2 


TaBLe I 
Androsterone and Dehydroisoandrosterone Calculated from Optical Data 
Androsterone Dehydroi d € | 
Theoretical Calculated from | Theoretical | Calculated from 
49 44 24 34 73 78 
98 85 48 60 146 145 
147 138 72 86 209 | 224 
196 208 102 108 298 | 316 
245 252 121 130 366 | 382 


hours. Therefore, a waiting period of 1 hour after mixing was adopted 
in this work. 

In Table I are listed the values obtained for the constituents of mixtures 
of androsterone and dehydroisoandrosterone by calculation from Equa- 
tions 4 and 5 on data obtained at 415 and 475 my from the interaction of 
the steroid mixtures and the anthrone reagent. 

Representative absorption spectra resulting from the chromogens pro- 
duced by the reaction of the anthrone reagent with the neutral steroid 
fraction obtained from normal adult male and female urine are shown in 
Figs.3 and 4. The neutral steroid fractions employed in these experiments 
were obtained from the neutral ethereal extract of urine previously hy- 
drolyzed with hydrochloric acid (14). Aliquots of these neutral steroid 
residues were fractionated for ketonic steroids by treatment with Girard’s 
Reagent T (14). Spectral data from the same urine fraction before and 
after reaction with Girard’s reagent are represented in Figs. 3 and 4. 

The absorption spectral curves, obtained from twenty-seven urine speci- 
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mens, showed a marked resemblance to the curves obtained from a mixture 
of androsterone and dehydroisoandrosterone (Fig. 1). It is known that 
other steroids react with anthrone and that androsterone, dehydroiso- 
androsterone, and etiocholanolone may account for the major part in the 
neutral steroid fraction of urine (15). The data described herein suggest 


400 440 480 520 560 600 
WAVELENGTH 


Fic. 3. Absorption spectral curves of color produced by reaction of the neutral 
steroid fraction from urine of a normal adult male. Steroid residue, equivalent to 
30 ml. of urine, dissolved in 2 ml. of absolute ethyl alcohol, allowed to react with.2 
ml. of anthrone reagent. Curve I, crude neutral steroid fraction; Curve II, ketonic 
steroid fraction obtained from Fraction I by separation with Girard’s Reagent T. 
Length of cell, 1 cm. 


that the anthrone reaction may be employed in the estimation of dehydro- 
isoandrosterone as well as of the total neutral ketosteroid fraction. 
Determination of Dehydroisoandrosterone and Total 17-Ketosteroids in 
Urine—The crude neutral steroid fractions of urine were isolated according 
to the procedure of Callow et al. (3) with hot toluene extraction and cold 
ether extraction. The steroids were recovered from the solvent by evapo- 
ration at slightly reduced pressure, followed by drying in vacuo. The resi- 
dues of the fractions were dissolved in absolute ethanol (2.0 ml. of alcohol 
per 100 ml. of urine sample). Aliquots of this alcoholic extract were 
taken for ketonic steroid fractionation with Girard’s Reagent T (14). 0.2 
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ml. aliquots were taken for 17-ketosteroid determinations according to the 
method of Callow ef al. (3) with the use of the correction equation of Talbot, 
Berman, and MacLachlan (16); a Coleman junior spectrophotometer was 
used for the eolorimetric measurements. Aliquots of the alcoholic extracts 
of the ketosteroid obtained from fractionation with Girard’s reagent were 
taken for reaction with the anthrone reagent. In each determination 


OPTICAL DENSITY 
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Fic. 4. Absorption spectral curves of color produced by reaction of the neutral 
steroid fraction from urine of a normal adult female. Steroid residue, equivalent to 
50 ml. of urine dissolved in 2 ml. of absolute ethyl alcohol, allowed to react with 2 
ml. of anthrone reagent. Curve I, crude neutral steroid fraction; Curve II, ketonic 
steroid fraction obtained from Fraction I by separation with Girard’s Reagent T. 
Length of cell, 1 em. 


the aliquot was diluted to a volume of 2.0 ml. with absolute ethanol and an 
equal volume of anthrone reagent was added to produce the chromogen 
(10). The reaction mixture was allowed to stand for 1 hour, after which 
the optical density was measured at the specified wave-lengths. Uniform 
results may be obtained by freezing the anthrone reagent by placing the 
tube in dry ice, mixing with the steroid sample during thawing, and im- 
mersing the tube in a boiling water bath for 5 minutes. The sample may 
be read immediately after cooling to room temperature. 

A comparison of the values obtained for 17-ketosteroids of ketosteroid 
fractionation with Girard’s reagent from various urines calculated from 
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spectral data at 415 and 475 my, obtained from the chromogens produced 
by the interaction of the anthrone reagent and alcoholic solutions of the 
same steroid fractions, and values obtained by the Zimmermann reaction 
is given in Table II. 


Taste II 
Tabulation of Data on Neutral Urinary Ketosteroid Extracts Based on Reaction with 


Anthrone Reagent and Comparison of Total 17-Ketosteroid Values Obtained 
by Anthrone and Zimmermann Reactions 


calculated from | calculated from calculated from seaction 
spectral data spectral data spectral data 
Y 
(A) Androsterone  stand- 255.0 
ard, 263.0 y 
(B) Dehydroisoandroste- 131.3 
rone standard, 118.0 
(D) Mixture of A and B 268 .5 115.5 384.0 395.0 
(1:1), 364.0 y 
Girard-ketonic fraction 
Urine 1 171.0 69.4 240.4 257.5 
Urine 2 240.0 68.7 308 .7 342.5 
Urine 3 63.8 42.6 106.5 99.2 
68.2 44.7 113.0 
Urine 4 74.6 43.2 117.8 110.6 
78.1 43.4 121.5 
Urine 5 67.1 26.9 94.0 75.9 
64.6 29.2 93 .8 
Urine 6 82.3 29.9 112.3 83.5 
75.4 28 .0 103.5 
SUMMARY 


Simple equations have been utilized which permit the analysis of mixed 
absorption curves resulting from the reaction of certain steroids and steroid 
mixtures with the anthrone reagent. Calculations of known mixtures agree 
with the theoretical values for the constituents of the mixtures. 

A method for the determination of dehydroisoandrosterone and the 
neutral 17-ketosteroids has been described. Good agreement was found 
between values for 17-ketosteroids calculated from optical data obtained 
by interaction of the steroid mixtures and the anthrone reagent and values 
obtained by the Zimmermann reaction. 

This method is applicable to the determination of urinary ketosteroids. 
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The authors are indebted to Dr. H. L. Mason of the Mayo Clinic, Dr. 


T. F. Gallagher of the Sloan-Kettering Institute, and Dr. A. G. Engstrom 
of The Glidden Company for samples of etiocholanolone used in this work. 
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THE TOXICITY OF o-PHENANTHROLINE FOR LACTIC ACID 
BACTERIA* 


Br ROBERT A. MacLEOD 
(From the Department of Biochemistry, Queen’s University, Kingston, Canada) 


(Received for publication, February 19, 1952) 


The requirement of many biological systems for metal ions can be satis- 
fied partially or completely by the traces present as contaminants in the 
suspending medium. In systems in which it is difficult or impossible to 
remove these traces, attempts are often made to demonstrate the necessity 
for metal ions by adding metal-binding agents to the medium. If such 
agents inhibit the biological system completely and if the inhibition pro- 
duced by their presence can be overcome by the simultaneous addition of 
one or more metal ions, it is usually concluded that metal ions are essential 
for the activity of the system. This conclusion is based upon the assump- 
tion that the toxic action of chelating agents is due to their ability to 
form complexes with, and thus render unavailable, one or more ions re- 
quired by the system. There are, of course, other ways of accounting for 
the inhibitory action of metal complex-forming agents. The toxicity of 
these compounds could be due to factors quite independent of their metal- 
binding capacity. If this were so, the ability of metal ions to overcome 
the inhibition produced by these agents could then be due to their ability 
to form non-toxic complexes with the toxic compounds. This latter ex- 
planation of the toxic action of a chelating agent becomes less likely, how- 
ever, if metal-binding agents of widely differing structure are found to have 
a similar inhibitory effect upon the biological system (cf. (1, 2)) or if 
compounds similar in structure but possessing no metal-binding activity 
can be shown to be non-toxic, or at least markedly less toxic than the 
chelating agent (3). 

That there may be other ways in which a chelating agent can inhibit a 
biological system is evident from the work of Rubbo and coworkers who 
found that 8-hydroxyquinoline (oxine) was toxic for some bacteria only 
when certain metal ions were present in sufficient. concentration in the 
medium (4). 

In the course of studies on the mineral requirements of lactic acid bac- 
teria, o-phenanthroline was found to inhibit all of the organisms investi- 
gated. This metal-binding agent, which has been studied in relation to 
other biological systems on numerous occasions in the past (ef. (1, 5-7)), 

* Supported by a grant from the Division of Medical Research of the National 
Research Council of Canada. 
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has recently been reported to combine exclusively with Fe+* under physio- 
logical conditions (8). The inhibition of bacterial growth produced by 
the addition of the chelating agent to the medium in the present study 
could be overcome not only by Fe** but also by Nit+* and Cot* and in one 
case by Zn*+*. In no case could the inhibition be reversed by ions pre- 
viously implicated by more direct methods (9, 10) in the nutrition of the 


In view of the possible implication of these results in extending our 
knowledge of the mineral nutrition of the lactic acid bacteria it became of 
importance to know more concerning the mechanism of the toxic action 
of o-phenanthroline. For this reason the toxicity of o-phenanthroline was 
compared with that of other chelating agents and also with that of its 
m and p isomers, the latter being compounds possessing similar structures 
but no metal-binding capacity. 

The results of these studies of the toxicity of o-phenanthroline for lactic 
acid bacteria are presented below. 


Methods 


Stab cultures of Streptococcus faecalis R ATCC 8043, Lactobacillus ara- 
binosus ATCC 8014, Lactobacillus casei ATCC 7469, Lactobacillus pentosus 
ATCC 8041, Lactobacillus fermenti ATCC 9338, Leuconostoc mesenteroides 
ATCC 9135 and 8042, and Lactobacillus delbrueckii LD-3 were carried in 
yeast glucose agar. L. pentosus and L. mesenteroides 9135 were grown at 
30°, the remainder at 37°. 

The inoculum medium, the basal medium, and the test procedures used 
were the same as those employed in a previous investigation (10). o0- 
Phenanthroline and Fe*+* form a red complex in solution which tends to 
interfere with photometric measurements of turbidity even when a 660 my 
filter is used. For this reason, assays involving studies of the effects of 
varying concentrations of Fe*+*+ and o-phenanthroline were prepared in 
duplicate: one was inoculated and the other used to provide the appro- 
priate blanks for turbidity measurements. 

The o-phenanthroline (1, 10) used was a product of the G. Frederick 
Smith Chemical Company. The m-phenanthroline (1, 7) and p-phen- 
anthroline (4, 7) were synthesized, though not successfully purified, by 
methods described by Smith (11). The m isomer was purified by re- 
crystallizing from water after the hot solutions had been treated with 
charcoal. The compound crystallized as the dihydrate (m.p. 66—68°; re- 
ported 65.5° (12)) but lost its water of crystallization under reduced 
pressure. Analysis after dehydration, calculated for CyHsN:, C 79.99 
H 4.48 N 15.55 per cent; found C 80.07 H 4.86 N 15.49; m.p. after dehy- 
dration 83-84° (reported 78-78.5° (12)). Purification of the p isomer was 
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accomplished by several recrystallizations from petroleum ether (b.p. 80— 
100°) after treatment of the hot solutions with charcoal. Analysis, cal- 
culated for CywHsN2, C 79.99 H 4.48 N 15.55 per cent; found C 80.14 
H 4.82 N 15.74; m.p. 173-174° (reported 173° (12), 177° (13)). 

The salts used to prepare metal ion solutions as well as the precautions 
taken in the cleaning of glassware were the same as those described pre- 
viously (10). 


EXPERIMENTAL 


Toxicity of o-Phenanthroline and Its Reversal by Metal Ions 


The growth of the eight lactic acid bacteria studied was found to be 
completely inhibited when o-phenanthroline was added to the medium in 


TaBLe I 
Comparison of Toricity of o-Phenanthroline for Various Lactic Acid Bacteria 
o-Phenanthroline per 10 ml. 
Organism 
S0y 1007 | Wy 4007 | 1507 
L. mesenteroides 8042............... + + + - on 


The + signs indicate the levels of o-phenanthroline at which growth took place. 
The basal medium contained 200 y of Mn** and 100 7 of Mg** per10 ml. Incubation 
time, 48 hours. 


relatively low concentrations. The results obtained with five of the or- 
ganisms tested are summarized in Table I, together with information con- 
cerning the relative amounts of the compound required to inhibit the growth 
of each of the organisms. A comparison of these amounts reveals that 
much more o-phenanthroline was needed to inhibit the growth of S. fae- 
calis than of the other organisms tested. For the three organisms tested, 
but not shown, the toxic level of o-phenanthroline lay between 100 and 200 
y per 10 ml. of medium. 

The effect of adding various ions to the medium on the toxicity of o- 
phenanthroline was determined. The results obtained with S. faecalis 
are presented in Table II. It can be seen that Fet+, Nit*, and Cott 
were active in overcoming the toxic action of the chelating agent, whereas 
Mn++ and Mg**, the only two divalent ions so far known to be required 
in the nutrition of S. faecalis (10), were inactive in this respect. 

Except for Mn++ and Mgt* the amounts of the metal ions added to the 
medium were just slightly greater than would be required to form com- 
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plexes with all of the o-phenanthroline present, assuming that combina- 
tions take place in the ratio of 1 atom of metal ion to 3 molecules of chelat- 
ing agent. Such a relationship has been found to exist in a number of 
metal o-phenanthroline complexes prepared under non-physiological con- 
ditions (14). In the case of Mn** and Mg** 2 and 4 times the amounts 
respectively needed to combine with the o-phenanthroline in this ratio 
were used. The data in the first column of Table II show that none of 
the ions were toxic at these levels when tested in the absence of o-phenan- 
throline. 

The ability of metal ions to overcome the toxicity of o-phenanthroline 


TaBLe II 
Comparison of Ability of Various Ions to Overcome o-Phenanthroline Tozicity 
for 8. faecalis 
o-Phenanthroline per 10 ml. 
Additions per 10 ml. Or 2000 y “ 

Per cent of incident light transmitted*® 
cine 62 59 
Mn**+ + Mg**, 400 y each.................. 54 100 


* Evelyn colorimeter, 660 my filter, uninoculated medium = 100. Incubation 
time, 24 hours. Each tube contained 20 y of Mn** and 20 y of Mg** per 10 ml. to 
satisfy the normal growth requirements of this organism. 


for the other organisms was also determined and the results for four of 
them are summarized in Table III. The levels of o-phenanthroline and 
of metal ions used in these studies were the same as those employed with 
S. faecalis (Table II), except that 100 7 of Mn** were added to all tubes 
instead of 20 y to satisfy the normal growth requirements of these or- 
ganisms and Mg** was omitted from the medium. For the three or- 
ganisms not shown, Fe++, Nit+*+, and Cot+* permitted growth without delay 
in the presence of o-phenanthroline. Thus Ni**+ was able to overcome 
o-phenanthroline toxicity for all organisms and Fe** for all but one. Co*+ 
was slightly less active than Nit+* or Fe**, and Zn** was effective for only 
one organism. Mn**, the only divalent metal ion which has been shown 
to be required by these organisms for growth (9), was inactive in every 
case. In only one instance, that of Cot* for L. casei, was the metal ion, 
at the level tested, found to be toxic in the absence of o-phenanthroline. 
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III 
Ability of Various Ions to Overcome Toricity of o-Phenanthroline for Lactic 
Acid Bacteria 
Metal ion tested 
Organism 
Fe** Nit | Cote | | | Mgt 
L. mesenteroides 8042......... + + + + on on 
+ + + ons 


+ indicates that in the presence of the metal ion o-phenanthroline was not in- 
hibitory; +, that the achievement of maximum growth was delayed; —, that no 
growth was obtained, even after long incubation periods. The amount of o-phenan- 
throline used and the level of metal ions tested were the same as are shown in Table 
II. The basal medium contained 100 y of Mn** per 10 ml. 


The amounts of the various metal ions required to overcome the toxicity 
of o-phenanthroline were compared. The results obtained with S. faecalis 
as the test organism are shown in Fig. 1, A. Approximately equal amounts 
of Fe++, Nit++, and Cot* both on a weight, and, since their atomic weights 
are almost identical, also on a molar basis were required to overcome the 


FIG, 1A. FIG. 1B. 

sol! Fe* NO ADDITIONS 
60.3 Co” [3 E 
T 3 2 

46060 80 100 20 40 66 100 


MICROGRAMS FE” MICROGRAMS FE"/IO ML. 
OR CO" /IO ML. 

Fic. 1. A, comparison of the ability of Fe**, Nit*, and Co** to overcome the inhi- 
bition of growth of S. faecalis by o-phenanthroline. 8B, the sparing action of Mn** 
and Zn*+ on the amount of Fett required to reverse o-phenanthroline toxicity for 
S. faecalis. All tubes contained 20 y of Mn** and 20 7 of Mg** to satisfy the normal 
growth requirements of the organism and 1000 y of o-phenanthroline. Light trans- 
mission was measured in an Evelyn colorimeter, 660 my filter; uninoculated medium 
= 100. Incubation time, 24 hours. 
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toxicity of o-phenanthroline. Although neither Zn**+ nor Mn** alone was 
able to overcome the effect of the compound, they reduced the amount 
of Fe*+* that was required to do so (Fig. 1, B). Mgt* exerted no sparing 
action under the same conditions. 


Toxicity of Other Metal-Binding Agents and of m- and p-Phenanthroline 


To determine whether metal-binding agents of differing structure would 
inhibit growth of these organisms in the same way as o-phenanthroline, 
the effect of ethylene diamine tetraacetic acid (Versene)' and a ,a’-dipyri- 
dyl was studied. Versene was found to inhibit growth at low concentra- 
tions, but its toxic effects, in contrast to those of o-phenanthroline, could 
be overcome by adding increased amounts of Mn** or of Mn** and Mg*+ 
to the medium. The inhibitory effect of citrate for these organisms can 
likewise be overcome by ions known to be essential for growth (9). Though 
much higher concentrations of a,a’-dipyridyl than of o-phenanthroline 
were required to inhibit the growth of the lactic acid bacteria, this com- 
pound was found to resemble o-phenanthroline in that its toxic action could 
be overcome by ions like Fe+*+, Ni**+, and Co** but not by Mn** or Mg**. 

To determine whether compounds having a similar structure but no 
metal-binding capacity have the same effect as o-phenanthroline on the 
growth of the organisms, the toxicity of o-phenanthroline was compared 
with that of its m and p isomers. These compounds, which differ from 
o-phenanthroline only in the position of the N atoms in their molecules, 
should be structurally incapable of forming complexes with metal ions. 
By applying a similar device, Albert et al. (3) concluded that the anti- 
bacterial activity of 8-hydroxyquinoline was dependent upon its chelating 
ability. These investigators found that of the seven isomeric monohy- 
droxyquinolines only 8-hydroxyquinoline possesses antibacterial activity 
and is capable of forming chelate complexes with metal ions. 

When the toxicity of 0-, m-, and p-phenanthrolines for S. faecalis was 
compared in the absence of added Fe**, it was found that the o isomer was 
3 and 2.5 times as toxic respectively as the m and p compounds (Table IV). 
In the presence of added Fe** the toxicity of the m and p isomers remained 
unchanged, while the toxicity of the o isomer was reduced to a level well 
below that of its isomers. With L. arabinosus the results obtained were 
essentially the same, except that in the absence of the reversing ion, in 
this case Ni++, the o isomer was 13 times as toxic as the m and p isomers 
(Table IV). Various other organisms tested resembled L. arabinosus 
rather than S. faecalis in this respect. 


1 The author is indebted to the Bersworth Chemical Company for a sample of 
Versene. 
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Tasie IV 
Comparison of Toxicity of o-, m-, and p-Phenanthroline for S. faecalis and 
L. arabinosus in Presence and Absence of Ions Capable of Overcoming 


Tozicity of o-Phenanthroline 
Phenanthroline isomer tested 
Organism Additions per 10 ml. o- m- | - 
Amount required to inhibit growth, 7 per 10 ml. 
S. faecalis None 400 1200 1000 
225 7 Fett Growth at 2000 1200 1000 
L. arabinosus None 100 1300 1300 
225 7 Nit* Growth at 2000 1300 1300 


In the case of S. faecalis 20 y of Mn** and 20 + of Mg** and for L. arabinosus 100 + 
of Mn** and 100 y of Mg** were present per 10 ml. of medium to satisfy the normal 
growth requirements of the organisms. Incubation time for S. faecalis, 24 hours; 
for L. arabinosus, 65 hours. 


Effect of Cu** on Toxicity of o-Phenanthroline 


The results in Fig. 1, B show that Mn** and Zn** decreased the amount 
of Fe++ required to overcome the toxicity of o-phenanthroline. When 
Cut+ was tested under similar conditions, it was found to have the opposite 
effect, increasing slightly, rather than decreasing, the amount of Fe** re- 
quired to overcome the action of the metal-binding agent. This effect is 
illustrated in Table V with S. faecalis as the test organism. Since a pre- 
cipitate tended to form on autoclaving tubes containing both Fet*+ and 


TaBLe V 
Effect of Cu** on Amount of Fe++ Required to Overcome Toxicity of o-Phenanthroline 
for 8S. faecalis 
Cu**, per 10 ml. ~ 
Fe** Oy | 50 y 
0.05 x acid produced 
¥ per 10 mi. mi. ml 

0 0.0 0.0 
20 0.0 0.0 
40 | 0.1 0.0 
60 6.0 0.0 
80 12.8 1.3 
100 14.0 13.0 


Each tube contained 20 7 of Mn**, 20 y of Mg**, and 1000 y of o-phenanthroline. 
Incubation time, 72 hours. 
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Cut*, growth in this assay was measured titrimetrically rather than tur- 
bidimetrically 

The effect of Cu** in increasing the toxicity of o-phenanthroline was 
considered of interest in view of the known potentiating action of this ion 
on the antibacterial activity of oxine (4). Since the toxicity of 8-hy- 
droxyquinoline can be reduced for certain organisms either by treating 
a medium in a manner designed to reduce its metal ion content or by lower- 
ing the oxidation-reduction potential of the medium, the effect of these 
operations on the toxicity of o-phenanthroline was determined. In one 
case the medium was extracted with 8-hydroxyquinoline in the manner 
described by Rubbo et al. (4) and in another its oxidation-reduction poten- 
tial was reduced by the addition of various reducing agents, ascorbic acid, 
cysteine, and thioglycolate. Neither operation affected the toxicity of 
o-phenanthroline for the lactic acid bacteria. ; 


DISCUSSION 


Rubbo and coworkers have found that 8-hydroxyquinoline acts dif- 
ferently, depending upon whether gram-positive organisms and Neisseria 
or gram-negative rods are the test organisms (4). The action of o- 
phenanthroline on the growth of the lactic acid bacteria resembles most 
closely the action of 8-hydroxyquinoline on the gram-negative organisms. 
The toxic levels of the compounds acting on their respective groups of 
organisms are of the same order of magnitude. In both cases, the anti- 
bacterial activity of the compounds is antagonized by the ions of more 
than one metal and is unaffected either by treating a medium in a manner 
designed to remove metal ions or by lowering its oxidation-reduction 
potential. 


No explanation for the mechanism of action of 8-hydroxyquinoline on - 


the gram-negative organisms has been offered beyond the tentative hy- 
pothesis that its effects might be due to its ability to deprive the organisms 
of essential metal ions. In the case of S. faecalis, the toxic action of o- 
phenanthroline appears to be due to factors which are independent of its 
metal-binding capacity, since the toxicity of o-phenanthroline is not mark- 
edly different from that of its non-chelating isomers in the absence of ions 
capable of overcoming its toxicity. The action of a suitable metal in 
rendering the o-phenanthroline much less toxic than its isomers can be 
ascribed to the ability of the ions of the metal to combine specifically with 
the o isomer, thereby forming non-toxic complexes with the toxic compound. 

For L. arabinosus and the various other organisms tested the greater 
toxicity of the o compound than that of the m and p isomers in the absence 
of reversing ions suggests that part of the toxic action of o-phenanthroline 
may be due to its ability to form complexes with, and thereby render 
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unavailable one or more ions required by, the organisms for growth. The 
fact, however, that the o isomer is again much less toxic than the m and p 
forms in the presence of reversing ions is consistent with the view that 
for these organisms, too, an antibacterial action of o-phenanthroline which 
is independent of its metal-binding capacity is also in operation. 

The results of the present investigation indicate that o-phenanthroline 
is capable of forming complexes not only with Fe** but also with a number 
of other metal ions under physiological conditions. Potentiometric titra- 
tions of o-phenanthroline in the presence and absence of metal ions have 
confirmed this conclusion. The titration results, which will be presented 
in detail elsewhere, agree very well with the microbiological data in showing 
that Fet*+, Nit*, and Cot* have approximately equal affinities for o- 
phenanthroline, while Zn*+ and Mn*+* form much less stable complexes 
with the chelating agent. 

If the greater toxicity of the o-phenanthroline over that of its m and p 
isomers is due to the ability of the o compound to bind | or more metal ions 
required for growth by the organisms, nothing can be said regarding the 
identity of the ion or ions involved beyond the fact that they could not 
be Mn** or Mg*t*. This difficulty in identification results from the lack 
of specificity of the chelating agent. The action of a metal ion in over- 
coming the inhibitory effect of o-phenanthroline might be due to its ability 
either to satisfy the organisms’ mineral requirements itself or to displace 
one or more essential ions from their complexes with the chelating agent. 

Since the titration results referred to above reveal that Fe+*+ forms as 
stable a complex as Nit* or Co** with o-phenanthroline, no special nutri- 
tional significance can be attached to the fact that Fet*+ and Ni** are 
equally active in overcoming the toxicity of o-phenanthroline for all or- 
ganisms but one. Had the relative affinity of metal ions for o-phenan- 
throline followed the usual pattern for chelating agents (15), there would 
have been grounds for concluding from the results obtained that Fet+ 
was active in the nutrition of the organisms (cf. (16)). 

Why Ni** is active and Fet+* is not for L. pentosus is obscure at the 
moment. In separate experiments Fet+ has been found to exert a sparing 
action on the Nit+ required to reverse the toxicity of o-phenanthroline 
for this organism. 

Since Co** is an integral part of the vitamin B, molecule (17), it was 
felt that a Cot+ deficiency produced by chelation of this metal ion with 
o-phenanthroline could be inhibiting growth by interfering with the syn- 
thesis of vitamin By. This possibility, however, was eliminated by the 
finding that the addition of this vitamin*® to the medium in no — affected 
the toxicity of the chelating agent. 


* The author is indebted to Merck and Company for a sample of vitamin Bis. 
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The increased toxicity of o-phenanthroline in the presence of Cut* is 
probably due to the formation of a Cu++-o-phenanthroline complex. The 
effect observed may be a reflection of what may prove to be a general 
ability of chelating agents to potentiate to varying degrees the antibac- 
terial activity of Cut*+. Citrate has been found to increase the toxicity of 
Cut for lactic acid bacteria (9) and this metal ion increases markedly the 
antibacterial action of oxine (3), oxine-like compounds (18), and p-amino- 
salicylic acid (19). The possible mechanism of antibacterial action of the 
Cut+-oxine complex has been considered in some detail by Rubbo et al. (4). 


SUMMARY 


The metal-binding agent o-phenanthroline has been found to inhibit the 
growth of eight lactic acid bacteria. The inhibition produced by the addi- 
tion of the chelating agent to the medium could in most cases be overcome 
by Fet*, Ni**, and Cot** and, in one case, also by Zn**, though not by the 
metal ions known to be required for growth by the organisms. Approxi- 
mately equal amounts of Fe++, Nit*, and Co** were able to antagonize 
the action of o-phenanthroline for Streptococcus faecalis, while Mn++ and 
Zn*+, though inactive alone, spared the amount of Fet* required to do so. 

For S. faecalis o-phenanthroline was found to be only slightly more 
toxic than its isomers in the absence of ions capable of overcoming its 
toxicity, whereas the compound could be rendered much less toxic than 
its isomers in the presence of these ions. For Lactobacillus arabinosus and 
various other organisms, the results obtained differed from those with 
S. faecalis in that o-phenanthroline was 10 to 15 times more toxic than its 
isomers in the absence of reversing ions. 

Cut* was found to increase slightly the amount of Fe*+*+ required to over- 
come the toxicity of o-phenanthroline for S. faecalis. 

The conclusion has been drawn that the toxicity of o-phenanthroline 
for the organisms studied is due in large part to factors not concerned with 
its ability to bind metal ions. 


The author wishes to acknowledge the invaluable technical assistance 
of Miss Eva Onofrey. Mr. John McLean also assisted in the earlier phases 
of this work. 
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TESTING OF CHEMICALS FOR INHIBITION OF THE KILLER 
ACTION OF PARAMECIUM AURELIA* 


By MARY WILLIAMSON, WINIFRED JACOBSON, anv 
? C. CHESTER STOCK 
(From the Division of Experimental Chemotherapy, Sloan-Kettering Institute for 
Cancer Research, New York, New York) 


(Received for publication, January 24, 1952) 


Nearly 100 chemicals, chiefly purines and pyrimidines and a few anti- 
biotics, have been tested for their ability to interfere with the killing 
action of Paramecia and to produce sensitives from killer animals, presum- 
ably through inactivation of kappa. Kappa, a cytoplasmic factor in cer- 
tain stocks of Paramecium aurelia, dependent upon, but not initiated by, 
the dominant allele of the killer gene, is known to be involved in the 
production of the antibiotic paramecin (1-3). Sensitive stocks of Para- 
mecia with the recessive killer gene, which therefore cannot maintain kappa, 
and those killer animals depleted of kappa are affected by paramecin and 
ultimately die in its presence (1). 

The advantages of using Protozoa as test animals in testing essential 
nutrients and their analogues for effects on sensitivity, locomotion, growth, 
reproduction, and survival have been emphasized previously (4,5). Para- 
mecia with kappa, an independently multiplying cytoplasmic entity con- 
taining desoxyribonucleic acid (6, 7), appeared to offer a system for demon- 
strating possible selective interference with nucleic acid metabolism. 

Inactivation of kappa by high temperature (8), x-rays (9), nitrogen mus- 
tards (10), streptomycin (11), and Chloromycetin (12) has been reported 
previously. This paper reports a survey of compounds for possible ability 
to decrease the content of active kappa in Paramecia as detected by de- 
creased killing ability. Observation of the detrimental effects of 2,6- 
diaminopurine on the killing ability (13) encouraged inclusion in this 
study of many compounds which might be expected to influence nucleic 


Materials and Methods 


The test organism was P. aurelia, variety 4, stock 51 killer, mating type 
VII (51.7K), cultured in Sonneborn’s baked lettuce infusion inoculated 


* This work was supported from a grant by the Charles F. Kettering Foundation 
to the Wellcome Research Laboratories and by a grant to the Sloan-Kettering In- 
stitute from the American Cancer Society. We are greatly indebted to Dr. George 
B. Brown, Sloan-Kettering Institute, and to Miss G. B. Elion and Dr. George H. 
Hitchings, Wellcome Research Laboratories, for helpful discussions in addition to 
provision of many of the compounds used in the study. 
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with Aerobacter aerogenes (11). Semi-starved Paramecia grown at two 
fissions per day (6) for 3 or 4 days prior to exposure to the test chemicals 
were found to be less susceptible to their toxicity than were well fed animals 
dividing at the maximum rate of five to six fissions per day. The salt 
solution described by Taylor and van Wagtendonk for Colpoda duodenaria 
(14) was used in making all dilutions. 

The test materials were dissolved in the salt solution at a concentration of 
2000 + per ml. and the pH adjusted to 6.4 to 7.0. Salt solution and culture 
fluid were used to dilute the solutions to 1500, 1000, 500, 200, and 100 
per ml. The culture fluid throughout the tests constituted one-fourth 
the total volume. The tests were run in triplicate by adding ten to twenty 
killer animals contained in a micro drop (0.01 ml.) to 0.2 ml. of each dilution 
of the test chemical. If the concentrations of the chemical were toxic, 
the experiments were repeated with lower levels of 100, 50, 25, 10, and 5 
per ml. 

After incubation at 27° for 24 hours with the chemicals, the animals were 
observed for changes in locomotion, general morphology, growth, and re- 
production. A check on pH was made in each test with brom thymol blue 
to determine that none of the observed effects were due to appreciable 
changes in pH. Accordingly, single animals from each of the three highest 
tolerated levels of test chemical were isolated into fresh culture medium 
and allowed to reproduce at the maximum rate for 48 hours, 7.e. eight to ten 
fissions at 27°. The resultant clones, the progeny of the single isolations 
(15), were examined for changes mentioned above. 

Clones from treated animals were often a fission or two behind control 
clones. It was necessary to isolate from the three highest tolerated levels 
of the chemicals because sometimes animals surviving the highest level 
failed to reproduce or produced weak, non-viable clones. After these 
observations, the clones were subjected to the “killer-sensitive’’ test (11, 
16) to detect changes in killing ability effected by the chemical on the 
parent Paramecia. 

The killer-sensitive test was conducted as follows: The clones to be tested 
were divided into three parts; to the first part (A) were added known 
killer animals, to the second part (B) were added known sensitive animals, 
and to the third part (C) were added a few drops of culture fluid for the 
control. After incubation for 24 hours at 27° the killer-sensitive tests were 
read. If killing action were found in (A), part or all of the clone being 
tested had become sensitive due to decrease in effective kappa as a result of 
exposure of the parent to the chemical. Killing in (B) alone would indi- 
cate that the chemical had no detectable effect on the original animals. 
If killing were observed in (A), (B), and (C), the control, the clone con- 
tained both killers and sensitives and the compound was presumed to have 
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some effect on kappa. The progeny of the untreated controls were tested 
in like manner to insure that chemical treatment alone, and not other con- 
ditions of the test, had altered paramecin production. These control ani- 
mals remained good killers in every series of tests. 


EXPERIMENTAL 


It was found that the first compound tested, 2 ,6-diaminopurine, SK1395, 
has the ability to inhibit the killing action of 51.7K Paramecia (13). 
Further studies revealed that the effect could be obtained in 24 hour ex- 
posures to SK1395 in concentrations from 100 to 1000 y per ml. The ani- 
mals are killed at 1500 y per ml. and abnormal and weak ones are observed 
after exposure to 1000 7 per ml. Quantitative, more detailed studies of 
the effects of SK1395 will be presented elsewhere.! When the striking 
effect of SK1395 was observed, the studies were extended to numerous 
purines and pyrimidines. Also included were various antibiotics and mis- 
cellaneous compounds. The results of the tests of these materials, pre- 
sented in Table I, emphasize the high degree of specificity of the action of 
2,6-diaminopurine. The lack of effect of 7-amino-1-v-triazolo(d)pyrimi- 
dine illustrates this. Another observation of interest but of obscure sig- 
nificance is the marked difference in toxicity to the Paramecia of the p 
and L forms of 9-a-arabofuranosyladenines, 25 7 per ml. compared to 1500 
or more. 

The inhibition of killer ability with streptomycin confirmed previous 
findings (11). It is active from 50 to 1000 y per ml., while dihydrostrepto- 
mycin is active from 25 to 1500 y per ml. A report of the activity of 
Chloromycetin (12) appeared at the time of our independent observations 
of its effect on the lethal action of killers at concentrations of 500 and 1000 
y per ml. Terramycin inhibits the killing ability at 100 to 200 y per ml., 
whereas the sample of Aureomycin was active at 10 to 25 y per ml. 

In view of the fact that A. aerogenes provided an essential food for the 
Paramecia, it was necessary to determine whether 2 ,6-diaminopurine and 
the antibiotics were affecting the bacteria and in this manner were in- 
directly influencing the lethal properties of the killers. Experiments were 
carried out, therefore, to determine the influence of SK1395 and the anti- 
biotics tested separately on the bacteria under conditions similar to those 
employed in the test for effects on kappa. Sterile culture medium contain- 
ing 500 y of SK1395 per ml. was inoculated with 0.1 ml. of a 24 hour 
culture of A. aerogenes. The culture was incubated for 24 hours at 27° 
and a heavy growth produced. Similar cultures containing the antibiotics 
individually at the highest levels not toxic to Paramecia also produced 
heavy growths of the bacterium. Colony counts of serial dilutions of the 


! Jacobson, Williamson, and Stock, in preparation. 
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Taste I 
Compounds Tested for Ability to Decrease Killing Action of P. aurelia, Variety 4, 
Stock 51.7 Killers 
Compound* Effect on Paramecium 
per mi. 

2,6-Diaminopurine............... 1000 Inhibits killing action from 100- 
1000 y per ml.; produces weak 
and abnormal forms at 1000 
per ml. 

Adenine sulfate................... 500 May stimulate growth 

9-a-p-Arabofuranosidyladenine. ... 25 None observed 

9-a-L-Arabofuranosidyladenine. ... T 

Adenylic acid (yeast, a and b).... oe May stimulate growth 

Inhibits killing action 50-1500 
per ml. 

Dihydrostreptomycin............. Inhibits killing action 25-1500 
per ml. 

Aureomycin........... 25 Inhibits killing action 10-25 
per ml. 

Chloromycetin.................. 500 Inhibits killing action 200-500 
per ml. 

per ml. 


* The following additional compounds at the levels indicated in parentheses 
(in micrograms per ml.) have shown no effect on the killing action: 2,6-diamino- 
purines substituted as follows, 7-methyl (T.); 9-p-nitrophenyl (T.); 6-dimethyl- 
amino (200); 8-methyl, chloro, thiol, methylthiol, amino, and iodo all at (T.) and 
p-chlorophenyl at 500; other purines, 6-methylaminopurine (1000); 2,8-dichloro- 
adenine (T.); 2,8-dichloro-9-a-L-arabofuranosidyladenine (T.); 2-chloroadenosine 
(T.); 2,8-dichloroadenosine (T.) ; 2-chloro-9-8-p-glucopyranosidoadenine (T.) ; 2,6,8- 
trichloropurine (T.); 2-thiol-6-aminopurine (T.); guanylic acid (T.); 2-aminopurine 
HCl (500); isoguanine sulfate (T.); isoguanine riboside (crotonoside) (T.); /-v- 
triazolopyrimidines; 7-amino (1000); 5-amino-7-hydroxy (T.); 5,7-diamino (T.); 
2,4-diaminopyrimidines, 5-chloroacetamido (100); 5,6-dimethyl (100) ; 5-p-hydroxy- 
phenoxy (500); 5-methyl (1000); 6-phenyl (50); 2-amino-65 ,6-dimethylpyrimidines, 
4-p-carboxyanilino (T.); 4-p-hydroxyanilino (200); 4-p-chloroanilino (5); other py- 
rimidines, 2-hydroxy-4,6-dimethyl (T.); 2,4,6-trihydroxy (barbituric acid) (T.); 
2,4,5-trihydroxy (isobarbituric acid) (T.); 2,4,6-trichloro (5, toxic) ; 2,4-dihydroxy- 
6-methyl (T.); 2-amino-4-methyl-6-sulfanilyl (500); 2-chloro-4-dimethylamino-6- 
methyl (castrix) (1000) ; 2-amino-4-hydroxy-5,6-dimethyl (500) ; 2-thiothymine (T.); 
2-thiol-4-amino (thiocytosine) (T.); 5-bromoisocytosine (T.); cytidylic acid (500); 
2-amino-6-methyl-4-pyrimidone (T.); substituted uracils, 5(dimethylaminoacet- 
amino) (T.); 5-(8-phenylethylaminoacetamino) (T.); 5-formylamino (T.); 5-iodo 
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Taste I—Concluded 
(T.); 5-amino (T.); 5-bromo (T.); 5-nitro (T.); 5-(glucosidamino)uracil; p-amino- 
benzoylglutamic acid (T.); 5-bromoacetamido (200); thiouracil (T.); miscellaneous, 
ribose nucleic acid (T.); desoxyribose nucleic acid (calf thymus) (T.); folic acid 
(T.); 4-aminofolie acid (T.); 4-amino-N"*-methylfolic acid (T.); other pleridines, 
2,4-diamino-7 -hydroxy-6-carboxylic acid (500) ; 2,4,6,7-tetrahydroxy (1000) ; 2-sulfa- 
nilamido-4 ,6,7-trihydroxy (T.); (500). For 
the above compounds we are indebted to the Calco Chemical and Lederle Labora- 
tories Divisions of the American Cyanamid Company, Chas. Pfizer and Company, 
National Research Council Chemical-Biological Coordination Center, Merck and 
Company, Inc., Parke, Davis and Company, The Squibb Institute for Medical Re- 
search, Southern Research Institute, Dr. C. K. Cain, McNeil Laboratories, Inc., 
Dr. G. H. Hitchings and Miss G. B. Elion, Wellcome Research Laboratories, Dr. G. 
B. Brown and associates, Sloan-Kettering Institute for Cancer Research. 
t Highest level tolerated or 1500 7; highest level tested (T.). 


cultures indicated no significant effect of SK1395, nor of the antibiotics 
in the concentrations employed, in decreasing the number of organisms 
below that of a normal culture. Any possible qualitative influence upon 
the capacity of the organisms to serve successfully as an essential food 
for the Paramecia remains to be explored. 

The marked disturbance of the killer action by 2 ,6-diaminopurine made 
it of interest to test a few natural substances for ability to block the effect. 
With the exception of one detail, the blocking experiments were conducted 
in the same manner as those already described for testing the ability of 
chemicals to interfere with the killer action. In the blocking experiments 
the test material was added simultaneously with the 2,6-diaminopurine. 
The test materials were tried in concentrations of 500, 200, 100, 50, 25, 10, 
and 5 y per ml. against 500 y per ml. of SK1395. Controls were main- 
tained by (1) exposing animals to these levels of test materials in the 
absence of SK1395, (2) exposing them to SK1395 in the absence of other 
test materials, and (3) retaining them in the salt solution-culture fluid 
mixture in the proportion used as a solvent for test materials. After 
incubation for 24 hours, isolated animals were allowed to undergo maximum 
fissions for 48 hours, and the killer-sensitive tests subsequently run. A 
number of materials were found to block the action of SK1395. These 
are presented in Table II. Controls exposed under type (1) conditions 
did not show a decrease in killer action. Indeed, it was thought their 
killing power had been enhanced following exposure to adenine and its 
derivatives. Controls under type (2) conditions showed a characteristic 
decrease in killing ability with some sensitives produced, while type (3) 
controls maintained average killing ability. 

The inhibitory action of 2 ,6-diaminopurine and its blocking by adenine, 
adenosine, and the adenylic acids are quite consistent with earlier obser- 
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vations in certain biological systems. SK1395 has been found to have 
inhibitory effects on certain bacteria (17, 18), on vaccinia virus in chick 
embryonic tissue culture (19), in tissue cultures of mammalian cells (20, 
21), and to be effective against a mouse leucemia (22). Lactobacillus 
casei grown in a medium containing folic acid, but not adenine, is in- 
hibited by 2,6-diaminopurine. The inhibitions from low concentrations 
of 2 ,6-diaminopurine are blocked by either guanine or adenine, while only 
the latter was effective against larger amounts of the inhibitor (18). _ Bie- 
sele et al. (20, 21) have reported damage to tissue cultures of mouse sar- 
comas by 2,6-diaminopurine with concentrations that show very slight or 
no damage to cultures of embryonic mouse skin or heart cells. Added ade- 
nine blocked the damaging actions of the diaminopurine. 


Taste II 
Ability of Compounds to Block Effect of 2,6-Diaminopurine on Killer Action of 
Paramecium 

1:100 
Adenylic acid, yeast..................... 1:5 or 10 

No effect at 2:1 
Desoxyribonucleic acid.................. 200 + per 500 y* 
Ribonucleic acid........................ 1000 “* “* 500 “ 

*Weight ratios. 


The blocking of the biological effects of diaminopurine by nucleic acid 
derivatives other than adenine varies considerably from system to system. 
Thus in the present experiments the adenylic acids and adenosine were 
found effective, although appreciably less active than adenine on a molar 
basis, whereas guanylic acid is inactive. The action of ribonucleic acid 
and desoxyribonucleic acid could possibly be due to their polynucleotide 
adenine content or to the presence of small amounts of impurities, although 
the quantities effective do not suggest the latter. In the experiments of 
Biesele et al. (21) with normal and malignant rodent tissues only free aden- 
ine was effective, while in the experiments with vaccinia virus-chick em- 
bryonic tissue (19) both adenylic and guanylic acids were active. In 
view of the conversion of 2 ,6-diaminopurine to nucleic acid guanine in the 
rat (23, 24) and its ready utilization for both pentose nucleic acid adenine 
and guanine in L. casei (25) under conditions permitting growth, it is not 
possible to formulate a single mechanism for its inhibitory effects. Dimin- 
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ished killer action of Paramecia appears to be due to a decrease in effective 
kappa. The failure of 7-amino-1-v-triazolopyrimidine, an antimetabolite 
of adenine (26), to affect the killer activity raises a question of whether 
2,6-diaminopurine can be acting to prevent the utilization of adenine to 
form new kappa. Unpublished data indicate no decreased effectiveness 
of paramecin in the presence of 2,6-diaminopurine and, further, that the 
amount of kappa detectable by staining procedures is considerably reduced 
after exposure of the Paramecia to 2 ,6-diaminopurine. Possibly this may 
result from the formation of kappa with an abnormal purine composition 
and a resultant increased breakdown of kappa. 


SUMMARY 


Among nearly seventy purines and pyrimidines tested, 2 ,6-diamino- 
purine uniquely exhibits the ability to interfere with the killer action of 
variety 4, stock 51 killer, mating type VII, Paramecium aurelia. The ac- 
tion of 2,6-diaminopurine is blocked by adenine, adenosine, and adenylic 
acid. Several antibiotics also affect the killer action. 


1. Sonneborn, T. M., Proc. Nat. Acad. Sc., 29, 329 (1943). 
2. Sonneborn, T. M., Am. Naturalist, 79, 318 (1945). 
3. Sonneborn, T. M., Jacobson, W., and Dippell, R., Anat. Rec., 96, 18 (1946). 
4. Kidder, G. W., Ann. New York Acad. Sc., 39, 99 (1947). 
5. Kidder, G. W., Dewey, V. C., Parks, R. E., Jr., and Woodside, G. L., Science, 108, 
‘ 511 (1949). 
6. Preer, J. R., Jr., Genetics, 33, 349 (1948). 
7. Preer, J. R., Jr., Genetics, 36, 344 (1950). 
8. Sonneborn, T. M., Dippell, R. V., and Jacobson, W., Genetics, 32, 106 (1947). 
9. Preer, J. R., Jr., Am. Naturalist, 68, 35 (1948). 
10. Geckler, R. P., Science, 110, 89 (1949). 
11. Sonneborn, T. M., J. Ezp. Zool., 118, 87 (1950). 
12. Brown, C. H., Nature, 166, 527 (1950). 
13. Stock, C. C., Jacobson, W., and Williamson, M., Proc. Soc. Exp. Biol. and Med., 
78, 874 (1952). 
14. Taylor, C. V., and van Wagtendonk, W. J., Physiol. Zool., 14, 431 (1941). 
15. Sonneborn, T. M., Advances in Genetics, 1, 263 (1947). 
16. Sonneborn, T. M., Am. Naturalist, 78, 390 (1939). 
17. Hitchings, G. H., Elion, G. B., VanderWerff, H., and Falco, E. A., J. Biol. 
Chem., 174, 765 (1948). 
18. Elion, G. B., and Hitchings, G. H., J. Biol. Chem., 187, 511 (1950). 
19. Thompson, R. L., Price, M. L., Minton, 8. A., Jr., Elion, G. B., and Hitchings, 
G. H., J. Immunol., 66, 529 (1950). 
20. Biesele, J. J., Berger, R. E., and Hitchings, G. H., Cancer Res., 10, 204 (1950). 
21. Biesele, J. J., Berger, R. E., Wilson, A. Y., Hitchings, G. H., and Elion, G. B., 
Cancer, 4, 186 (1951). 


*k 
8 
1s 
A 6: 
r- 
r 
>. 
y 

° 

BIBLIOGRAPHY 

‘ 


770 KILLER ACTION OF PARAMECIUM AURELIA 


22. Burchenal, J. H., Bendich, A., Brown, G. B., Elion, G. B., Hitchings, G. H., 
Rhoads, C. P., and Stock, C. C., Cancer, 2, 119 (1949). 

23. Bendich, A., and Brown, G. B., J. Biol. Chem., 176, 1471 (1948). 

24. Bendich, A., Furst, 8. 8., and Brown, G. B., J. Biol. Chem., 185, 423 (1950). 

25. Balis, M. E., Levin, D. H., Brown, G. B., Elion, G. B., Hitchings, G. H., and 
VanderWerff, H., Abstracts, XII International Congress of Pure and Applied 
Chemistry, New York, Sept., 93 (1951). Balis, M. E., Levin, D. H., Brown, G, 
B., Elion, G. B., VanderWerff, H., and Hitchings, G. H., J. Biol. Chem., 196, 
729 (1952). 

26. Roblin, R. O., Jr., Lampen, J. O., English, J. P., Cole, Q. P., and Vaughn, J. R., 
Jr., J. Am. Chem. Soc., 67, 290 (1945). 


- 


SYNTHESIS AND ENZYMATIC HYDROLYSIS OF GLUTAMIC 
ACID POLYPEPTIDES* 


By MAURICE GREEN ann MARK A. STAHMANN 
(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 
(Received for publication, March 31, 1952) 


Synthetic lysine polypeptides of high molecular weight (1) have been 
shown to reduce virus infectivity (2, 3), inhibit bacterial growth and respi- 
ration (4), agglutinate virus particles, bacterial cells, and erythrocytes 
(4-6), and to prolong blood clotting time (7). It has been suggested that 
most of these phenomena are associated with the formation of many ionic 
bonds between the positively charged lysine polypeptide and the appro- 
priate negatively charged receptors on the virus particles, bacterial or red 
blood cells. 

In view of the above effects produced by the basic lysine polypeptides 
it was of interest to synthesize high molecular weight acidic glutamic acid 
polypeptides and to study their biological effects. This paper presents 
the synthesis and properties of t-glutamic acid polypeptides and their 
susceptibility to hydrolysis by proteolytic enzymes. 

When this work was undertaken, the only published reference to syn- 
thetic glutamic acid polypeptides was a brief report by Hanby et al. (8). 
Subsequently and during the course of this work a more complete descrip- 
tion of the synthesis of glutamic acid polypeptides was published by the 
same authors (9) and also by Coleman (10). Although the synthesis de- 
scribed in this paper is somewhat similar to that reported by these authors, 
it differs in the method used to prepare the N-carboxy anhydride, in the 
technique of polymerization which allows control of the polypeptide size, 
and in the method for hydrolysis of polyglutamic ethyl ester which avoids 
racemization and gives an analytically pure polyglutamic acid. 

Synthesis—Polyglutamic acid was prepared by polymerization of N-car- 
boxy y-ethyl-L-glutamate anhydride which was synthesized as shown by 
structures I to V. 

The polymerization, which was carried out in dry dioxane at room 
temperature with varying amounts of anhydrous ammonia as initiator (1), 
yielded polypeptide preparations of different average molecular weights. 
The results are consistent with the polymerization scheme (V to VIII). 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experimental Station. Supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. 
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The monomer (V) reacts with the ammonia to open the lactone ring, 
forming the N-carboxy amide (VI), which decarboxylates to the amino 


COOH COOH 
(CH): (CH) 
COOH COOC.H; 
1. 1-Glutamic Il. y-Ethyl gluta- 
acid mate hydrochloride 


Il + CH:=CH—CH;-0-co-c) 
COOH 


CH—NH—C0O-0-CH:CH=CH, 
0° 
(CHa) 
COOC:H; 
III. Carboallyloxy y-ethy] 
glutamate 
40° 

—(CH,--CH— CH,Cl) 


COOC2H; 


IV. y-Ethyl ester carboallyloxy 
glutamic acid chloride 


COOC:H; 


V. N-Carboxy y-ethyl-L- 
glutamate anhydride 


amide (VII). This, in turn, is acylated by another molecule of monomer 
V, and subsequent repetitions of the decarboxylation and acylation reac- 
tions at the amino end of the growing peptide chain result in the linear 
polypeptide, y-ethyl-L-polyglutamate (VIII). 
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CO CO 
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Average molecular weights were determined by end-group analysis for 
the a-amino nitrogen content of y-ethyl polyglutamate. The data in Table 
I show that the average chain lengths of the polypeptides depend upon the 


O 
CO—NH; CO—NH;: 
CoO | 
CH—NH—COOH CH—NH; 
CH——-NH + HNH: | — | 
(CHe): (CH2)s 
(CHe): 
COOC:?H; COOC:H; 
COOC:?H; 
V. N-Carboxy y-ethyl VI. N-Carboxy amide VII. Amino 
glutamate anhydride amide 
CO—NH: 


CH—NH— -CO—CH—NH;: 

(CHz2): 


COOC:H; COOC:H, COOC?H; 
VIII. y-Ethyl-1-polyglutamate 


ratio of anhydride (V) to ammonia used in the polymerization. The chain 
lengths were in general somewhat higher than the ratio of anhydride to 
ammonia. This is believed to be due to removal of part of the ammonia 
by reaction with the y-ethyl groups. Amide analysis of the polypeptide 
ester supported this view. 

Conditions were worked out by which y-ethyl-t-polyglutamate could 
be saponified completely to free poly-L-glutamic acid. However, poly- 
glutamic acid could not be used for chain length determinations, since 
only negligible amounts of nitrogen were liberated upon reaction with 
nitrous acid. This was due to cyclization of the terminal amino group 
with the terminal y-carboethoxy group to form a pyrrolidonecarboxylic 
acid residue. This cyclization occurred during the alkaline saponification 
of the polyester to the polyacid. In support of this it was shown that 
y-ethyl-Lt-glutamate rapidly cyclized in alkaline solution to form pyrrol- 
idonecarboxylic acid. That such cyclization would occur has been indi- 
cated by a study of kinetics of glutamic acid lactam formation (11). Thus 
the glutamic acid polypeptide consists of a linear chain of glutamic acid 
residues linked through peptide bonds between the a-amino and a-carboxyl 
groups. Pyrrolidonecarboxylic acid residues are present at the “amino” 
end of most of the molecules and free carboxyl or amide groups at the 
other end. 
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Since peptides and proteins are readily racemized under alkaline condi- 
tions (12), it was of interest to determine whether such a racemization had 
occurred during the alkaline saponification of y-ethyl-L-polyglutamate. 
This was investigated by hydrolyzing polyglutamic ester and polyglutamic 
acid to the parent amino acid and comparing the specific rotation of each 
hydrolysate with L-glutamic acid similarly treated. It is apparent from 
the data in Table II that some racemization occurred during the acid 
hydrolysis of the samples. However, the results reveal that no appreciable 


Taste | 
Chain Lengths of Polyglutamic Ethyl Ester Preparations 
Ratio to | by comine Average mol. wt. of polyglutamic acid 
20 36.8 4,750 
36.8 
79.4 10,300 
80.1 
100 | 119.8 15,600 
| 122.1 
Taste II 


Specific Rotation of Hydrolysates of Polyglutamic Acid and Polyglutamic Ester 
Polypeptides were hydrolyzed to the parent amino acid by autoclaving in 12 n 
HCl for 5 hours. The specific rotations were determined in 6 nN HCl. 


Sample 
degrees 
+26.5 
Polyglutamic ethyl ester.......................... +26.1 
L-Glutamic acid (not autoclaved)................. +29.8 


racemization occurred during the alkaline saponification of y-ethyl-L-poly- 
glutamate. In contrast, the preparations of Hanby et al. (9) were exten- 
sively racemized. 

The rate of racemization of polyglutamic acid of molecular weight 10,300 
in 0.73 N potassium hydroxide was determined. The straight line shown 
in Fig. 1 for the plot of log specific rotation against time indicates that the 
racemization followed first order kinetics. After treatment for 136 hours 
with alkali, the specific rotation decreased to half its initial value, from 
—76.2° to —36.1°, while at the same time only 2.5 per cent hydrolysis of 
peptide bonds occurred. The change in rotation attributed to the hy- 
drolyses of the peptide bonds would be less than 3 per cent of the observed 


4 
- - 
~ 


M. GREEN AND M. A. STAHMANN 775 


rotation. In 4 N alkali the rate of racemization was much more rapid, half 
the optical activity being lost in 3 hours. 

Enzymatic Studies—Although considerable work has been carried out 
on the enzymatic hydrolysis of synthetic peptides of low molecular weight, 
relatively little attention has been given to the action of proteolytic en- 
zymes on synthetic polypeptides of high molecular weight. Since these 
high molecular weight polypeptides have some features in common with 
proteins which the smaller peptides lack, it is of interest to determine the 


LOG 


40 80 120 i160 200 240 


TIME CHOURS) 

Fic. 1. Rate of racemization of polyglutamic acid in alkaline solution. The log 
specific rotation is plotted against time. The solvent was0.73N KOH. The concen- 
tration of polyglutamic acid, molecular weight 10,300, was 0.0260 gm. per cc. of 
solution. 


action of proteolytic enzymes on synthetic high molecular weight poly- 
peptides. 

Go and Tani (13) showed that the water-insoluble polyglycine and poly- 
glycylleucine were not hydrolyzed by erepsin, papain, or trypsin. Brand 
and Katchalski (cf. Katchalski (14)) reported that polylysine is rapidly 
hydrolyzed by trypsin. 

Experiments were carried out to determine the extent of hydrolysis of 
polyglutamic acid by pancreas extract, papain, and crystalline pepsin, 
trypsin, chymotrypsin, and carboxypeptidase. The results obtained with 
a 2.5 per cent pancreas powder extract at pH 4.0, 5.0, and 6.0 are presented 
in Fig. 2. These data show that maximum hydrolysis occurred at pH 5, 
at which 68 per cent of the polyglutamic acid was hydrolyzed within 50 
hours. No appreciable hydrolysis was observed at pH 4, while at pH 6 
only 24 per cent hydrolysis occurred. 
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Papain hydrolyzed polyglutamic acid to the extent of 34 per cent within 
48 hours. Polyglutamic acid was not hydrolyzed to any significant extent 


7C 


N 


% HYDROLYSIS 


«340 Oo 660 
TIME CHOURS) 

Fic. 2. Hydrolysis of polyglutamic acid by pancreas extract. O, pH 5.0, 0.1 m 
acetate buffer; A, pH 6.0, 0.05 m citrate buffer; 0, pH 4.0, 0.15 acetate buffer. En- 
zyme concentration, 0.56 mg. of N per cc. of test solution. Substrate concentration, 
1.6 mg. of polyglutamic acid (mol. wt. 10,300) nitrogen per cc. of test solution. Incu- 
bation temperature 37°. Per cent hydrolysis determined by a-amino N analysis 
with the microvolumetric Van Slyke apparatus. 


Taste III 
Hydrolysis of Polyglutamic Acid by Carborypeptidase 
Polyglutamic acid of molecular weight 10,300 was incubated at 37° for 24 hours. 
The per cent hydrolysis was determined by a-amino nitrogen analysis. 


pH | | 
mg. N per cc. mg. N perce. 
7.3, phosphate buffer, 0.08 m........ 0.087 0.74 | 0 
7.5, veronal buffer,O00im....... 0.23 | 0.71 | 0 
5.0, acetate buffer,O.lm................ | 0.072 | 0.75 | 25 
| 50 


5.0, “ 0.46 0.87 


by pepsin at pH 5.0, 4.0, and 2.0, nor by trypsin or chymotrypsin at pH 
5.0 and 7.5. 

Table III shows that polyglutamic acid was hydrolyzed by carboxypep- 
tidase at pH 5.0, but no hydrolysis was observed at pH 7.5, which is near 
the pH optimum for thisenzyme. It was shown by paper chromatography 
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that glutamic acid was the only product of this enzymatic hydrolysis. 
Considerably more carboxypeptidase was required for polyglutamic acid 
hydrolysis than is usually employed for other substrates. This higher 
enzyme requirement was not due to enzyme denaturation or product in- 
hibition. That no substrate inhibition by polyglutamic acid at pH 7.5 
occurs is indicated by its failure to reduce the zero order rate of hydrolysis 
of carbobenzoxyglycyl-L-tryptophan by carboxypeptidase. 


EXPERIMENTAL! 


y-Ethyl Glutamate Hydrochloride (I 1)—This compound was prepared from 
L-glutamic acid by esterification of the y-carboxyl group. The method of 
Bergmann and Zervas (15) was not satisfactory for more than 5 gm. of 
starting material. The following modification gave good yields (75 per 
cent) with up to 200 gm. of starting material. 

156 gm. (1.05 m) of t-glutamic acid were shaken 5 minutes with 1500 cc. 
of absolute ethanol containing 94 gm. (2.58 m) of dry HCl. The solution 
was concentrated tn vacuo at 40° to a white solid. The solid was suspended 
in 300 ce. of hot absolute ethanol, shaken for 5 minutes, filtered rapidly by 
suction, and 1500 cc. of absolute ether were immediately added to precipi- 
tate the y-ethyl glutamate hydrochloride. After standing in the refrigera- 
tor overnight, the product was filtered, washed with absolute ether, and 
dried over P:Os, soda lime, and paraffin in a vacuum desiccator; yield 166 
gm., 74 per cent of theory; m.p. 129-132°. After recrystallization from 
alcohol-ether, m.p. 134-135°. 

Carboallyloxy y-Ethyl Glutamate (I[11)—This was prepared by the acyla- 
tion of y-ethyl glutamate hydrochloride with allyl chloroformate (Hooker 
Electrochemical Company, Niagara Falls, New York) under Schotten- 
Baumann conditions. This derivative proved superior to the carbobenz- 
oxy derivative for the preparation of the N-carboxy anhydride. 

A solution of 163 gm. (0.77 m) of y-ethyl glutamate hydrochloride in 800 
cc. of water was brought to pH 5.0 with 4 Nn NaOH. 67 gm. (0.80 m) of 
NaHCO, and 41 gm. (1.0 m) of MgO were added, the mixture placed in 
an ice bath and stirred with a mechanical stirrer, and 130 gm. (1.1 M) of 
allyl chloroformate were added dropwise over a period of 15 minutes. 
After standing for 1 hour in an ice bath and } hour at room temperature, 
the excess MgO was filtered off by suction and the filtrate extracted with 
ether to remove excess allyl chloroformate. The aqueous solution was 
made acid to Congo red with 5 n H,SO, and the product separated out as 
an oil. This was extracted with ether, and the ether extracts were washed 
with water and dried with MgSO,. The ether solution was filtered and 


‘ All melting points are uncorrected. 
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concentrated in vacuo to a thick syrup, redissolved in absolute ether, and 
concentrated to a clear colorless syrup with the careful exclusion of moisture. 
Yield 150.5 gm., 76 per cent of theory. The product was used as such for 
the next step. 

N-Carbory y-Ethyl Glutamate Anhydride (V)—This was prepared from 
carboallyloxy y-ethyl glutamate via the acid chloride (IV) which was not 
isolated. 

144.7 gm. (0.56 m) of carboallyloxy y-ethyl glutamate were dissolved in 
600 cc. absolute ether and placed in an ice bath, and 125 gm. (0.60 m) of 
PCl, were added with shaking. The solution was shaken intermittently 
for 1} hours in an ice bath and for 1 hour at room temperature, the excess 
PCI, filtered off, and the ether solution concentrated in vacuo to a syrup. 
The syrup was taken up in anhydrous benzene and concentrated tn vacuo 
at 40-45° to a white solid. The product was crushed to a fine powder in 
Skellysolve A to remove acid chlorides, filtered, and recrystallized from 
benzene-Skellysolve A. Yield 108 gm., 96 per cent of theory. After two 
recrystallizations the white crystalline product melted at 72—73° with evolu- 
tion of carbon dioxide and gave a negative chloride test with silver nitrate 
and a precipitate of BaCO; with aqueous Ba(OH)>. 

Polymerization of N-Carbory y-Ethyl Glutamate Anhydride—12.004 gm. 
(59.8 mm) of N-carboxy y-ethyl glutamate anhydride were dissolved in 
carefully dried and purified dioxane and placed in a round bottom flask 
equipped with a Hershberg stirrer and a drying tube to maintain an- 
hydrous conditions. 0.598 mm of anhydrous ammonia in dioxane was 
added, making the total volume of the reaction mixture 120 cc. The 
ratio of anhydride to initiator was 100. The solution became turbid after 
10 minutes and became very viscous as the reaction proceeded. After 20 
hours, 125 cc. of dilute acid were added to the viscous translucent reaction 
mixture to decompose any unchanged anhydride. A white precipitate of 
y-ethyl-L-polyglutamate immediately formed. The reaction mixture was 
stirred for 4 hours. The white solid was centrifuged, suspended in water, 
and recentrifuged several times. The product was lyophilized, to give 9.3 
gm. of white fluffy solid, 99 per cent of theory. An average chain length 
of 121 units was calculated from a-amino N analysis. 


(C;H1:03N).-11. Calculated, C 53.5, H 7.0; found, C 53.7, H 7.0 


Poly-a-u-Glutamic Acid—100 cc. of 0.74 N alcoholic KOH were added to 
4 gm. of y-ethyl-L-polyglutamate and the mixture stirred rapidly. White 
granules of potassium polyglutamate were formed within a few minutes. 
After 100 minutes 100 cc. of water were added to the suspension to give a 
clear solution of potassium polyglutamate. After 45 minutes of stirring, 
the alkaline solution was made acid to Congo red with concentrated HCl 
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and concentrated in vacuo at 40° to about 60 cc. The white precipitate 
of polyglutamic acid after standing in the refrigerator for 4 hours was 
centrifuged, washed several times with water, and dialyzed against distilled 
water in the cold until free of chloride. ‘The product was then lyophilized 
to a fine white powder. Yield 3.1 gm., 94 per cent of theory. Micro- 
scopic observation revealed the product to be a cluster of regularly shaped 
spheres. The polypeptide gave a positive biuret test. The neutral equiva- 
lent was determined by dissolving a sample of the polypeptide in excess 
standard alkali and back-titrating with standard HCl; a neutral equivalent 
of 130 was found, theory 129. 


(C,H;0O;N).-1n. Calculated, C 46.5, H 5.5; found, C 46.5, H 5.7 


End-Group Analysis—To determine the chain length, samples of y-ethyl 
polyglutamate were dried to constant weight at 57° over P.O, and analyzed 
for a-amino N by means of the reaction with nitrous acid in the auxiliary 
chamber of the manometric Van Slyke apparatus (16). Although about 
90 per cent of the nitrogen was liberated in the first 5 minutes, the gas was 
collected and measured at intervals until nitrogen liberation had ceased. 
The chain length could be calculated from the ratio of total N to a-amino N. 

Optical Rotation of Glutamic Acid Polypeptides—The optical rotations of 
glutamic acid polypeptides of chain lengths 37, 80, and 121 were determined 
in 4 N alkali. The samples were made up to 5 cc. with alkali and the 
rotations read after 15 minutes in a 2 dm. tube on the Schmidt and Haensch 
polarimeter. The results indicated in Table IV show that there is rela- 
tively little change in specific rotation with a large change in molecular 
weight. 

Racemization Rate of Glutamic Acid Polypeptides—0.2602 gm. of poly- 
glutamic acid (mol. wt. 10,300) was made up to 10 cc. volume with 0.73 N 
KOH. Optical rotations were read periodically and the specific rota- 
tion calculated. The extent of hydrolysis was determined by Van Slyke 
a-amino N analysis. 

Optical Purity of Glutamic Acid Polypeptides—Samples of polyglutamic 
ester, polyglutamic acid, and@t-glutamic acid were autoclaved for 5 hours 
in 12 n HCl in sealed test-tuBes. The resulting hydrolysates were diluted 
to 6 N acid concentration and the optical rotation determined. Total 
nitrogen (Kjeldahl) and a-amino nitrogen (Van Slyke) analyses indicated 
complete hydrolysis. Long periods in the autoclave resulted in increased 
racemization of all three samples. . 

Enzymatic Hydrolysis of Polyglutamic Acid—Weighed amounts of poly- 
glutamic acid were dissolved in an equivalent amount of alkali, adjusted 
to pH, buffer and enzyme added, and the solution made up to volume with 
buffer and placed in an incubator at 37°. Aliquots were taken at suitable 
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intervals and analyzed for a-amino nitrogen with the Van Slyke micro- 
volumetric apparatus. Control runs were made with no substrate and 
with no enzyme. 

The pancreas extract was prepared by shaking 500 mg. of desiccated 
and dehydrated pancreas powder (VioBin Corporation, Monticello, IlIli- 
nois) with 20 cc. of water for 4 hour and filtering off the suspended material 
by suction. 

Crystalline trypsin, chymotrypsin, and pepsin (Armour and Company, 
Chicago, Illinois) were dissolved directly in buffer for use. 

The papain solution was prepared by shaking 10 gm. of papain with 25 
cc. of 0.2 M acetate buffer, pH 5.0, for 1 hour and filtering off the undissolved 
material by suction. The enzyme concentration was 14.9 mg. of papain 
nitrogen per cc. of test solution; substrate concentration, 1.7 mg. of poly- 


TasBie IV 
Optical Rotations of Glutamic Acid Polypeptides in 4 nw Alkali 
Rotation 
Sample Weight 
Observed Specific, 

chain length gm. per 100 cc. degrees degrees 

37 2.014 —1.84 —45.7 

80 1.962 —1.83 —46.7 

121 1.906 —1.93 —50.6 


peptide nitrogen per cc. of test solution; concentration of sodium thio- 
glycolate activator, 9 mg. per cc. of test solution. 

Carboxypeptidase crystallized three times (Worthington Biochemical 
Sales Company, Freehold, New Jersey) was dissolved (or suspended) in 
buffer for use. Carbobenzoxyglycyl-L-tryptophan was prepared according 
to the method of Smith (17). 


DISCUSSION 


L-Glutamic acid polypeptides of different average molecular weights were 
synthesized by the polymerization of N-carboxy y-ethyl-L-glutamate an- 
hydride with varying amounts of ammonia as the initiator and subsequent 
saponification of y-ethyl-L-polyglutamate to remove the ester groups. The 
slow rate of racemization of poly-L-glutamic acid in alkali indicated that 
racemization occurring during saponification was insignificant. The opti- 
cal activity of the polypeptide hydrolysates demonstrated! that there was 
no appreciable racemization during this synthesis. In contrast, Hanby 
et al. (9) obtained glutamic acid polypeptides which were extensively race- 
mized and in addition contained residual y-ester groups. Coleman (10) 
noted irreversible gel formation in his preparations of polyglutamic acid. 
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We have also observed insoluble gel formation in preparations which were 
not rapidly prepared and isolated under mild conditions. It seems that 
the rapid polymerization and the mild conditions used in the isolation of 
the products avoid complications encountered by other workers. 

Studies of the enzymatic hydrolysis of poly-L-glutamic acid by a pancreas 
extract and also by crystalline pancreatic enzymes revealed its suscepti- 
bility to the action of the crude extract as well as crystalline carboxypepti- 
dase. Pancreas extract hydrolyzed polyglutamic acid to the extent of 24 
per cent at pH 6.0 and 68 per cent at pH 5.0. No hydrolysis was detected 
at pH 4.0, owing probably to the insolubility of polyglutamic acid at this 
low pH. Crystalline carboxypeptidase produced 50 per cent hydrolysis 
at pH 5.0, no such hydrolysis being observed at pH 7.5. Furthermore 
the concentration of carboxypeptidase required for 50 per cent hydrolysis 
was 0.46 mg. of N per cc. as compared to a concentration of only 0.56 mg. 
of N per cc. of pancreas extract necessary to produce 68 per cent hydrolysis. 
This would suggest that the hydrolysis produced by the crude extract was 
not due entirely to its carboxypeptidase content. Since poly-1-glutamic 
acid was not split by trypsin or by chymotrypsin, it would appear that the 
hydrolysis by the pancreas extract was produced by enzymes other than 
the three known crystalline pancreatic proteolytic enzymes. Poly-.-glu- 
tamic acid was not hydrolyzed by crystalline pepsin; it was split by papain. 

It was surprising that crystalline carboxypeptidase should hydrolyze 
poly-L-glutamiec acid at pH 5.0 but not at pH 7.5, which is near the re- 
ported optimum for this enzyme (18). It was shown that polyglutamic 
acid did not affect the hydrolysis of carbobenzoxyglycyl-L-tryptophan by 
carboxypeptidase at pH 7.5. Therefore it must be concluded that the 
failure of carboxypeptidase to act on polyglutamic acid at pH 7.5 was not 
due to an inactivation of the enzyme. It is suggested that at pH 7.5 the 
electrostatic repulsion of the negatively charged carboxypeptidase by the 
highly negatively charged glutamic acid polypeptide prevents enzyme- 
substrate interaction. This view is supported by the observation that the 
introduction of a glutamy! residue for glycine or alanine in the substrates 
for carboxypeptidase markedly decreases the hydrolysis rate (18). This 
decrease has been attributed to the retarding influence of the negatively 
charged y-carboxyl group (18). Carboxypeptidase is isoelectric at pH 5.95 
(19); therefore at pH 5 it carries a net positive charge which permits inter- 
action with the negatively charged poly-L-glutamic acid and thus facilitates 
enzymatic hydrolysis. 


Our thanks are due to Dr. R. R. Becker for generous advice and to Mrs. 
E. G. Wood for technical assistance in the preparation of y-ethyl glutamate 
hydrochloride and carboallyloxy y-ethyl glutamate. 
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SUMMARY 

A method is described for the synthesis of L-glutamic acid polypeptides 
of varying molecular weights composed of a-peptide linkages. The syn- 
thesis involves the preparation of the N-carboxy anhydride of y-ethyl 
glutamate and the controlled polymerization of the anhydride monomer to 
yield y-ethyl polyglutamate, which was saponified to free polyglutamic acid. 
The product obtained was not appreciably racemized by this procedure. 
Molecular weights ranging from 4700 to 15,600 were obtained. 

Polyglutamic acid was hydrolyzed by pancreas extract, crystalline car- 


boxypeptidase, and papain. Crystalline pepsin, trypsin, and chymotrypsin 
had no hydrolytic action on the polypeptide. 
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PEPTIDES AND BACTERIAL GROWTH 


I. PURIFICATION OF A PEPTIDE FACTOR REQUIRED FOR GROWTH 
OF LACTOBACILLUS CASEI* 


By HAYATO KIHARA, WILLARD G. McCULLOUGH, anv ESMOND E. SNELL 
(From the Department of Biochemistry, University of Wisconsin, Madison, Wisconsin) 
(Received for publication, March 31, 1952) 


In the presence of each of the naturally occurring L-amino acids and 
other essential nutrients, Streptococcus faecalis requires either vitamin Bg 
or p-alanine for growth (1,2). Holden and Snell (3) showed that p-alanine 
was present in cells of this and related organisms grown with either vitamin 
B, or p-alanine, and thus demonstrated (a) that vitamin Bs, was required 
for synthesis of p-alanine and (b) that p-alanine was an essential metabolite 
for these organisms. Their postulate that vitamin Bg served as a “‘corace- 
mase”’ in the synthesis of p- from L-alanine was confirmed by Wood and 
Gunsalus (4), who separated an alanine racemase from cells of S. faecalis 
and demonstrated that pyridoxal phosphate was its coenzyme. 

Although Lactobacillus casei also requires p-alanine for growth in the 
absence of vitamin Be, this organism differs from S. faecalis in that a 
peptide-like substance, present in enzymatic digests of casein, is simul- 
taneously required (2, 3). The purpose of this investigation was to eluci- 
date the nature of this additional substance. 


EXPERIMENTAL 


Assay Procedure—By adding an enzymatic digest of casein to supply the 
unidentified growth factor, Holden and Snell (3) were able to assay with 
L. casei for either p-alanine or vitamin Bg; by removing traces of vitamin 
Be by charcoal adsorption, the assay became specific for p-alanine. To 
determine the unidentified factor this procedure was reversed; 1.e., DL- 
alanine was added to the basal medium, so that the test organism responded 
either to the unidentified factor or to vitamin Bs. Vitamin Bes was re- 
moved from crude samples by adsorption on fullers’ earth; any response 
to such samples was then due to the unidentified factor. Freedom from 
vitamin Bs was readily checked by assay of the same samples with the 
same organism in the absence of p-alanine; under these conditions, the 
organism grows with vitamin Bg, but not with the unidentified substance 
(cf. (2, 3)). 


* Supported in part by grants from Merck and Company, Inc., and from the 
United States Public Health Service. Published with the approval of the Director 
of the Wisconsin Agricultural Experiment Station. 
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Stock cultures of L. casei (ATCC 7469) were carried as described else- 
where (5). Inocula were grown in the basal medium supplemented with 
0.5 mg. of pL-alanine and an amount of a partial hydrolysate of Albusoy 
(cf. below) containing 0.5 mg. of nitrogen per 5 ml. After 20 hours of 
incubation at 37°, the cells were centrifuged, then washed with sterile saline 
(0.9 per cent). The final suspension was diluted 1:20. The basal medium 
was that employed by Rabinowitz et al. (5) with the enzymatic digest of 
casein omitted. 

Since the amount of material available after fractionation procedures 
was limited, the culture volumes were reduced to 1.0 ml. Such cultures 
required a minimum of 48 hours incubation before good growth was at- 
tained. Short term incubations (20 to 24 hours) were made possible by 
incubating the cultures in an atmosphere enriched with carbon dioxide. 

The basal medium, 0.5 ml. of double strength, and varying levels of 
samples for analysis were incorporated into 1.0 ml. volumes in 18 X 150 
mm. matched Pyrex test-tubes by appropriate additions of distilled water. 
Duplicate tubes containing 0, 0.2, 0.4, 0.6, and 1.0 y of pyridoxine hydro- 
chloride served as the standard. Samples were analyzed for their content 
of the unidentified factor (7.e., for their ability to replace vitamin Bg) in 
the presence of 0.1 mg. of pL-alanine per ml. of medium. Freedom from 
traces of vitamin Bz. was checked by analysis in the absence of pL-alanine. 
The tubes were covered with aluminum caps and autoclaved for 5 minutes 
at 120°. 1 drop of inoculum, prepared as described above, was added to 
each tube and the cultures incubated at 37° for 20 hours or longer in an 
atmosphere of approximately 75 per cent CO,. After incubation, 3.0 ml. 
of distilled water were added to each tube. Turbidities were then de- 
termined with the Evelyn photoelectric colorimeter and the 660 mu filter. 

Preparation of Source Material—Since preliminary studies (2) had indi- 
cated that the active material was probably a peptide, procedures which 
would yield active preparations containing the simplest peptides were 
sought. Assay of enzymatic or acid hydrolysates of casein, gelatin, hemo- 
globin, protamine, insulin, U. S. P. peptone, proteose-peptone, Albusoy,' 
and a-protein' revealed that a partial acid digest of Albusoy gave the most 
satisfactory preparation. 

1 part of Albusoy and 5 parts of 1 Nn hydrochloric acid were refluxed for 
36 hours. The hydrochloric acid was then removed in vacuo. The residual 
syrup was dissolved in water, diluted to approximately the original volume, 
and again concentrated in vacuo. This was repeated five more times. To 
remove traces of vitamin Bg, the residue was dissolved in 20 times its weight 
of water, adjusted to pH 1.0 with sodium hydroxide, then stirred with 
twice its weight of hydrochloric acid-washed, thiamine grade Filtrol for 


1 Purified soy bean proteins obtained from The Glidden Company. 
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15 minutes (6, 7). After filtration the solution was adjusted to pH 6.8 
with sodium hydroxide, then stored in the refrigerator under toluene. In 
this partial hydrolysate, 78.3 per cent of the total nitrogen (micro-Kjeldahl 
(8)) was present as a-amino nitrogen (Van Slyke). Following complete 
hydrolysis, 85.8 per cent of the total nitrogen was a-amino nitrogen. Thus, 
the average residue length of the partial hydrolysate was only 1.1 amino 
acids. Since this partial hydrolysate, but not the complete hydrolysate, 
was active under conditions of the assay, the active substance appeared to 
be a simple peptide, and most probably a dipeptide. 

Fractionation—Of several fractionation procedures attempted, paper par- 
tition chromatography (9) yielded the most promising results. In pre- 
liminary studies, an amount of hydrolysate equal to 1 mg. of the original 
protein per linear inch was applied on filter paper sheets, dried, and de- 
veloped with pyridine-water (4:1) by the descending technique. A narrow 
strip of the chromatogram was treated with ninhydrin. With the nin- 
hydrin-treated strip as a guide, the untreated portion of each band was 
cut out, eluted with water, and assayed for growth-promoting activity. 
Such activity was present in each of the ninhydrin-reactive bands (Table 
I). This was taken to indicate that several different active compounds 
(perhaps with a common essential component) were present in the original 
hydrolysate. The multiple nature of this factor was confirmed in later 
investigations (10). The foremost band contained the highest activity per 
unit weight, and was arbitrarily selected for further fractionation.? 

Because of the extremely low capacity of filter paper sheets, the chro- 
matopile technique, essentially as described by Mitchell and Haskins (11), 
was adopted. A solution of the partial hydrolysate of Albusoy containing 
60 mg. of nitrogen was placed in the lid of a 10 cm. Petri dish and disks of 
9 cm. Whatman No. 1 paper were immersed in the solution, allowed to 
drain, then dried in air at room temperature. The solution and rinsings 
were taken up in twenty-one sheets of filter paper. The chromatopile 
was prepared by placing twenty-one sheets of filter paper disks above the 
sheets containing the sample, and below, a pile of 1000 sheets, then com- 
pressing to 2000 pounds per sq. in. with a Carver press. The chromatopile 
was placed in a sealed battery jar with the developing solvent for 48 hours, 
after which time the solvent was introduced into the chromatopile. To 
insure slow development, the solvent was allowed to flow down the pile by 


? Although the ascending technique of paper chromatography did not afford as 
good resolution (nine bands, Table II) as the descending technique (thirteen bands, 
Table I), the foremost band obtained by the two techniques appeared to correspond 
in activity and subsequent chromatographic behavior. Furthermore, the number 
of bands obtained by the ascending technique corresponded closely to the number 
obtained with the chromatopile. For subsequent small scale work, the ascending 
technique was therefore used. 
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Taste I hy 
Multiple Nature of Active Factor from Albusoy Hydrolysates As Indicated by Paper ch 
Chromatography* Tt 
Band No. Rp Activity per mg.t by 
fol 
1 0.00 0.66 | 
2 0.01 0.50 lot 
3 0.18 0.66 ; 

4 0.22 0.66 - 
5 0.26 0.02 re: 
6 0.42 0.01 tw 
7 0.50 0.25 in 
8 0.55 0.75 re! 

9 0.61 1.00 

10 0.65 0.60 

11 0.74 0.75 
12 0.77 1.12 — 

13 0.78 5.00 

* The descending technique was used with pyridine-water (4:1) as the developing 

solvent. Ps 
‘ t Original hydrolysate = 1.00 . 


¢ capillarity against a slightly negative hydrostatic pressure. Development P- 
required 54 hours. The pile was then removed in sections, air-dried, and P- 
every twentieth filter paper disk removed and sprayed with ninhydrin P 
reagent (10 gm. of phenol, 90 gm. of n-butyl alcohol, and 0.4 gm. of nin- p. 


Taste II 
» Comparative Fractionation of Albusoy Hydrolysate by Chromatopile and by Paper to 
| Chromatograms 
Band No. T 
P-1 0.00 0.02 
| P-2 0.08 0.05 
P-3 0.13 0.12 h 
‘ P-4 0.17 0.18 
P-5 0.22 0.20 re 
P-6 0.27 0.23 
P-7 0.36 0.33 
P-8 0.45 0.40 ¢ 
P-9 0.52 0.46 Ww 
bl * Pyridine-water (4:1) was the developing solvent. Ry values were calculated ( 
. as the ratio of the distance traveled by the band center to that traveled by the fe 
solvent front, each expressed as the number of filter paper disks traversed. 
{ The ascending technique was used with pyridine-water (4:1) as the developing k 


solvent. a 
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hydrin (12)) to locate the bands. The results obtained with a typical 
chromatopile developed with pyridine-water (4:1) are shown in Table II. 
The separation obtained with a paper chromatogram of the same material 
by using the same developing solvent and the ascending technique is given 
for comparative purposes.? 

The foremost band (P-9) was eluted by cutting the filter paper disks (in 
lots of forty sheets) containing this band into small pieces and homogeniz- 
ing them in a Waring blendor with 600 ml. of hot water (60-70°). The 
resulting suspension was filtered with suction, and the paper pulp eluted 
twice more in a similar manner. The combined eluates were concentrated 
in vacuo to about 40 ml. and filtered to remove the lint. An aliquot was 
removed for assay, and the remainder rechromatopiled in a similar manner, 


Taste III 
Comparative Activities of Fractions Obtained with Chromatopile 
Band No. Rp Activity*® 
7 

Partial acid hydrolysate of Al- 
busoy 65 
P-9 0.52 48 
P-9 B-1 0.10 16 
P-9 B-2 0.21 125 
P-9 B-1 P-1 0.08 150 
P-9 B-1 P-2 0.39 30 
P-9 B-1 P-3 0.25 11 


* Expressed as the amount of total nitrogen required to elicit growth equivalent 
to half the maximum growth obtained with vitamin B«. 


but with n-butyl alcohol saturated with water as the developing solvent. 
The slower of the two bands obtained (P-9 B-1) had the highest activity 
(Table III). It was chromatopiled again with pyridine-water (4:1) as the 
developing solvent; the foremost (P-9 B-1 P-3) of the three bands obtained 
had the highest activity. 

Fraction P-9 B-1 P-3 when subjected to paper chromatography could be 
resolved into two bands with either phenol saturated with water or with 
pyridine-water (4:1); however, on the chromatopile clearly separated bands 
could not be obtained. Subsequent studies were therefore directed to- 
wards the identification of various components of this fraction. 

Identification—Samples of fraction P-9 B-1 P-3 were chromatographed 
(a) after acid hydrolysis, and (b) after deamination with nitrous acid (13) 
followed by acid hydrolysis, to determine the terminal amino acids. The 
R, values obtained, together with those of reference amino acid samples, 
are compiled in Table IV. The hydrolyzed fraction contained alanine, 
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tyrosine, valine, and either leucine or isoleucine, or both. After nitrous 
acid treatment, alanine and tyrosine disappear. Microbiological assays 
(14) and starch column chromatography (15, 16) confirmed the presence 
of these amino acids and also showed that both leucine and isoleucine were 
present. 

Since the average residue length of the partial hydrolysate was only 1.1 
amino acids, the fraction was very probably a mixture of alany] and tyrosy] 
dipeptides of valine, leucine, and isoleucine. 

TaBLe IV 


Tentative Chromatographic Identification of Fraction P-9 B-1 P-3 As Mixture of 
Alanyl and Tyrosyl Peptides of Valine, Leucine, and Isoleucine 


Substance Rp Substance Rr 
Aspartic acid 0.16 Valine 0.70 
Glutamic “ 0.23 Methionine 0.74 
Cysteine 0.25 Leucine 0.78 
Cystine 0.25 Isoleucine 0.78 
Serine 0.33 Phenylalanine 0.81 
Glycine 0.39 P-9 B-1 P-3 hydrolyzed 0.52 
Lysine 0.40 0.59 
Threonine 0.47 0.70 
Alanine 0.51 0.78 
Arginine 0.56 
Tyrosine 0.57 P-9 B-1 P-3 deaminated and 0.71 
Histidine 0.64 hydrolyzed 0.79 


The ascending technique was used with water-saturated phenol as the developing 
solvent. 


SUMMARY 


In the presence of p-alanine and a complete assortment of L-amino acids, 
a peptide-like material permits extensive growth of Lactobacillus casei (1, 2) 
in the absence of vitamin Bs. Hydrolysis of a purified protein from soy 
beans with 1 n HCl at 100° for 36 hours yielded a digest which retained 
this activity and had an average residue length of only 1.1 amino acids. 
Chromatography of this hydrolysate on paper, followed by elution and 
assay of the various bands, showed that each of several bands obtained 
with pyridine-water as the developing solvent showed activity for L. casei. 

By repeated use of the chromatopile (11), an active mixture of peptides 
was obtained that yielded alanine, tyrosine, valine, leucine, and isoleucine 
on hydrolysis. After treatment with nitrous acid followed by hydrolysis, 
only valine, leucine, and isoleucine could be detected. The final fraction 
thus appeared to be a mixture of alanyl and tyrosyl peptides of valine, 
leucine, and isoleucine. 
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PEPTIDES AND BACTERIAL GROWTH 
II. t-ALANINE PEPTIDES AND GROWTH OF LACTOBACILLUS CASEI 
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(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 
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Lactobacillus casei grows in the absence of vitamin Be, provided that 
p-alanine and an unidentified peptide are added to a medium complete in 
other nutrients (1, 2). A partial hydrolysate of protein contained several 
chromatographically distinct fractions that possessed this ‘peptide factor” 
activity (3). It appeared likely that a single amino acid linked in a variety 
of combinations was responsible for these growth effects. An active, puri- 
fied fraction was identified tentatively as a mixture of alanyl and tyrosyl 
dipeptides of valine, leucine, and isoleucine (3). An expeditious solution 
of the problem thus appeared possible by testing synthetic peptides con- 
taining these amino acids. Such studies, described below, revealed that 
dipeptides containing L-alaaine in either the carboxyl or amino position 
possessed growth-promoting activity; L-alanine was inactive under the same 
conditions, as were peptides of tyrosine. 

Examination of the reasons for this enhanced activity of L-alanine pep- 
tides revealed that p-alanine, which is itself essential for growth in the 
absence of vitamin Bg, strongly inhibited utilization of L-alanine, but did 
not inhibit utilization of peptides of this amino acid. Despite this fact, 
resting cells of L. casei hydrolyzed each of the t-alanine peptides utilized 
for growth. Certain implications of these and related findings are dis- 
cussed briefly. 


EXPERIMENTAL 


Assay Methods—The assay procedures were those described previously 
(3), except that culture volumes were increased to 4.0 ml. to permit tur- 
bidity readings without dilution. This increased volume made incubation 
under carbon dioxide unnecessary. 

Growth Promotion by Synthetic Peptides—The comparative effects of vita- 
min B, or of various pure peptides on growth of L. caset are shown in Fig. 1. 
Vitamin Bg. permits growth in shorter incubation times than do active 
peptides; with longer incubation times, however, certain of the peptides 
are as effective as vitamin Bg in permitting high levels of growth. Such 
peptides, like partial protein digests, have no growth-promoting activity 
in the absence of p-alanine; vitamin Bg continues to permit growth under 
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the latter conditions (1-3). The rate of growth with various L-alanine 
peptides differs considerably, possibly reflecting the different rates at which 
the peptides are hydrolyzed (see below). 

In accordance with expectation from a consideration of fractionation 
experiments (3), L-alanyl-L-leucine and L-alanyl-L-valine have high activ- 
ity; however, all peptides of L-alanine examined promote growth under 
these conditions (Table I). This fact undoubtedly explains the previous 
observation (3) that each of the ninhydrin-reactive bands separated from 
a partial hydrolysate of protein by paper chromatography possessed 
growth-promoting activity. Peptides of p-alanine are without activity, as 


MICROGRAMS PEPTIDE/ ML 
> 20 40 60 80000 20 40 60 80 00 


20 HR INCUBATION 42 HR INCUBATION 
A 


eT: eT: Te) 
MICROGRAMS PYRIDOXINE / ML 
Fic. 1. The comparative growth responses of L. casei to peptides of L-alanine and 
to vitamin B,. Curves A, B, C, and D are the responses to pyridoxine, L-leucyl-1- 
alanine, L-alany]--histidine, and t-alanylglycine, respectively. 


INCIDENT LIGHT TRANSMITTED, % 


are other peptides that do not contain L-alanine as one component. _L-Ala- 
nine itself is inactive at all levels under the conditions of this experi- 
ment; growth with it did not occur even after 42 hours of incubation. 
Hydrolysis of Active Peptides by L. casei—In considering possible expla- 
nations for the high activity of peptides of L-alanine, it was important to 
know whether such peptides could be hydrolyzed by the test organism. 
This was tested in a manner similar to that described by Virtanen and 
Nurmikko (4). JL. caset was grown for 24 hours in the inoculum medium 
(3), centrifuged, washed, and resuspended in 0.01 m phosphate buffer, 
pH 6.25. A 0.1 ml. aliquot of this suspension, equivalent to 0.24 mg. of 
dry cells, was mixed with 200 y of peptide in 0.1 ml. of the phosphate buffer. 
Cells alone and peptides alone were incubated simultaneously with buffer 
as controls. After incubation at 37° for 24 hours, the cells were centri- 
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fuged out. The supernatant solutions were spotted on filter paper and 
chromatographed with water-saturated phenol as the developing solvent. 


Comparative Activities of Synthetic Peptides in Supporting Growth of L. casei* 


Compoundt 


permitting half 

i 

growth® 


Compoundt 


Amount 
permitting half 
maximum 


L-Alanine 
L-Alaninamide 
L-Alanyl-L-leucine 
L-Leucyl-t-alanine 


L-Leucyl-p-alanine 
L-Alanyl-.-valine 


L-Alanyl-.-leucinamide 


uM po mi. 
Inactive 
0.803 
0.094 
0.089 
0.074 
Inactive 
0.088 


L-Alanylglycine 
pL-Alanylglycine 
L-Alanyldiglycine 
Glycyl-.-alanine 
L-Alanyl-t-histidine 
p-Alanyl-.-histidine 
Glycyl-L-tyrosine 
L-Leucyl-L-tyrosine 


uM per mi. 
0.086 
0.161 
0.112 
0.075 
0.208 

Inactive 


8-L-aspartyl- 


L-histidine, 


Re 
0.79 


NO CELLS 


0.64 


NS 


lps 


0.55 


U 


0.42 


O——0-0-0 


SN. 


@ 


~< 


PE 


Fic. 2. The hydrolysis of peptides of t-alanine by resting cells of L. casei. 
saturated phenol was the developing solvent. 


The results (Fig. 2) showed that each of three active peptides tested was 
hydrolyzed by the resting cells. No ninhydrin-positive zones resulted from 
incubating cells with phosphate buffer in the absence of peptide. 


* Incubation time, 42 hours. ‘‘Maximum’”’ growth was taken as that obtained 
in this time with an excess of pyridoxine. 

t Additional peptides tested, all of which were inactive, included glycyl-.-histi- 
dine, L-a-amino-n-butyryl-t-histidine, 
glycyl-L-tryptophan, L-glutamyl-t-leucine, L-glutamyl-L-phenylalanine, glycylgly- 
cine and glycylphenylalanine. We are indebted to the following individuals for 
samples of peptides: Dr. K. Folkers, Dr. K. P. Link, Dr. W. G. McCullough, Dr. 
W.S. McNutt, Dr. E. L. Smith, Dr. W. H. Stein, and Dr. V. du Vigneaud. 
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Separate trials, in which the time of incubation of cells with peptide was 
varied, showed that L-leucyl-L-alanine was hydrolyzed more rapidly than 
L-alanylglycine (Fig. 3). In this case, therefore, the most rapidly hydro- 
lyzed peptide is the most active in promoting growth during short incuba- 
tion periods (Fig. 1). 

Inhibition of Response to u-Alanine by v-Alanine—The hydrolysis of 
active peptides by L. casei was somewhat surprising in view of the inactivity 


60 
L- LEUCYL-L-ALANINE 

3 
a 40 P 
a 
> 
=x 
20 L-ALANYLGLYCINE 
WwW 
a 

3 6 9 


INCUBATION TIME, HOURS 

Fic. 3. The comparative rates of hydrolysis of t-leucyl-t-alanine and t-alanyl- 
glycine by resting cells of L. casei. 500 y of peptides and 1.5 mg. cells (dry weight) 
were incubated at 37° in 1.0 ml. of 0.01 m phosphate buffer, pH 6.25. Aliquots were 
removed at varying time intervals and color yields were determined photometrically 
with ninhydrin (5) after removal of cells. These values were corrected for ninhydrin- 
reactive material extracted from cells alone in buffer. The extent of hydrolysis was 
determined by ninhydrin reaction with appropriate mixtures of the peptides and 
amino acids. 


of free L-alanine in supporting growth. The basal medium used in these 
experiments contains hydrolyzed casein as the source of amino acids, with 
added cystine, tryptophan, and glycine (3). Glycine is known to inhibit 
growth of Streptococcus faecalis, and alanine to counteract this inhibition 
(1). When the supplementary glycine was omitted, L-alanine did permit 
growth, provided that the inoculum was increased 4-fold. Under these 
conditions, the relation of various concentrations of p- and L-alanine to 
growth of L. casei is shown in Fig. 4. With low concentrations (10 7 per 
ml.; Curve A) of p-alanine, no added t-alanine is required for growth, since 
the hydrolyzed casein of the basal medium supplies approximately 185 + 
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per ml. of this amino acid. An additional 300 7 of L-alanine per ml. are 
required to permit maximum growth at this level of p-alanine. As the 
concentration of p-alanine is increased, the amount of L-alanine required 
for growth is greatly increased; it is evident that p-alanine is effectively 
inhibiting the utilization of L-alanine. The amount of L-alanine required 
at these higher levels of p-alanine greatly surpasses the total yield of cells 
obtained in the medium; it is thus evident that only a fraction of the 
L-alanine present actually is utilized. The ratio of L- to p-alanine required 
for maximum growth at 10, 20,50, and 100 ¥ levels of p-alanine is 48, 47, 


% 


4 
8 


20 25 30 35 40 45 
LOGio MICROGRAMS t-ALANINE ADDED / ML 
Fia. 4. The effect of p-alanine on the response of L. casei to t-alanine in the “low 
glycine’”’ medium. Curves A, B, C, and D were obtained in the presence of 10, 20, 
50, and 100 y per ml., respectively, of p-alanine. Incubation time, 41 hours. 


INCIDENT LIGHT TRANSMITTED, 


24, and 22, respectively. The absence of a strictly competitive relation- 
ship is not surprising, since (a) a variable fraction of the p- and 4t-alanine 
is being utilized for growth (particularly at low concentrations of p-alanine, 
therefore, the amount acting solely as an inhibitor is less than the amount 
added); (b) amino acids other than p-alanine may interfere with utilization 
of L-alanine (their effects would be most, noticeable at low concentrations 
of p-alanine); and (c) L-alanine itself inhibits growth at very high levels 
for reasons yet unknown. This latter inhibition, like that by p-alanine, 
is not apparent in media that contain sufficient vitamin Bg. 

p-Alanine does not interfere with utilization of peptides of L-alanine, 
for, in contrast to the results with L-alanine, the same concentration of 
L-alanylglycine (about 100 y per ml.) was required for maximum growth 
in the presence of 20, 50, or 100 y of p-alanine per ml. The greatly en- 
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hanced activity of these peptides, as compared to L-alanine, in supporting 
growth under conditions in which p-alanine is an essential nutrient (7.e., 
in the absence of added vitamin Bg) is thus readily understandable. 
Inhibition of Response to v-Alanine by Glycine—That high concentra- 
tions of L-alanine failed to permit growth when the basal medium contained 
extra glycine was pointed out above. This suggested that glycine was 
antagonistic to alanine for L. casei, as it is for S. faecalis (1, 6) and several 
other lactic acid bacteria (6). In cases so far examined, this antagonistic 
action of glycine has been exerted primarily against D-alanine, and only 
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is 20 25 30 35 40 
LOG, MICROGRAMS GLYCINE ADDED / ML 


Fic. 5. The effect of glycine on the response of L. casei to p-alanine and an excess 
of glycyl-t-alanine (750 7 per ml.). Curves A, B, C, and D were obtained in the 
presence of 10, 20, 40, and 100 y per ml., respectively, of p-alanine. Incubation time, 
42 hours. 


to a lesser extent against the L isomer (6). In accordance with these 
results, data of Fig. 5 show that, as the concentration of p-alanine in the 
medium is increased, the tolerance to glycine is greatly increased. It is 
certain, therefore, that the inhibitory action of glycine is exerted to a large 
extent against p-alanine. 

The possibility that glycine simultaneously inhibited utilization of 
L-alanine was tested by supplying a high concentration of p-alanine (100 
¥ per ml.), together with sufficient glycyl-L-alanine (15 y per ml.) to permit 
suboptimum growth. Under these conditions, the same concentration of 
L-alanine (1.0 mg. per ml.) was required to permit maximum growth with 
0, 100, 500, and 1000 7 per ml. of added glycine. At these concentrations, 
therefore, no inhibition of utilization of L-alanine by glycine could be 
demonstrated. 
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DISCUSSION 
The complex nutritional interrelationships revealed by these investiga- 
tions are perhaps best understood in terms of the diagram presented in 
Fig. 6. Growth of any organism involves absorption of the required nu- 
trients from the medium, followed by synthesis of essential cellular com- 
ponents, e.g. proteins, within the cell.' In principle, inhibitory metabolites 
may exert their effects either upon the absorption process (7.e., at the cell 


NUTRIENT >) CELL CELL 
MEDIUM WALL CONTENTS 
e 
GLYCINE 
bi fs 
D- ALANINE CELL PROTEINS 
L-ALANINE if 
L- ALANINE 
PEPTIDES 
VITAMIN: Bg ENZYMES ALANINE 


Fic. 6. The interrelationships of several nutrients for L. casei 


wall) or upon the essential synthetic processes within the cell; in few, if 
any, cases is the exact locale of their action known. 

In the present instance glycine, p-alanine, and L-alanine must be supplied 
to permit growth in the absence of vitamin Bs, because the vitamin Bg 
enzymes required for their synthesis are not present (cf. (1, 7-10)). Under 
these circumstances, they must be absorbed from the medium (Reactions 
a to c, Fig. 6). Under these conditions, glycine interferes with utilization 
of p-alanine, either at Reaction b or f. Similarly, p-alanine interferes 
strongly with the utilization of the structurally similar L-alanine, but not 
the structurally dissimilar peptides of L-alanine. If the latter are hydro- 
lyzed by the growing cells, as they are by resting cells (Reaction h), then 
utilization of the L-alanine formed from them within the cell (Reaction 1) 


1 Investigations in progress show that most of the p-alanine present in lactic acid 
bacteria occurs in the protein fraction. 
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is not inhibited by p-alanine, and by extension, Reaction g should not be 
that prevented by p-alanine. Thus the evidence is most simply interpreted 
by assuming that Reaction c, the absorption of L-alanine through the cell 
wall, is that inhibited by p-alanine, whereas Reaction d proceeds unhin- 
dered. This evidence is consistent with the finding that neither glycine? 
nor D-alanine, at the levels used here, is inhibitory if an excess of vitamin 
Bg is supplied. Under these conditions, glycine, L-alanine, and p-alanine 
can be synthesized within the cell (Reactions j to 1), since they need not 
be supplied in the medium to permit growth. The utilization (Reactions 
m and n) of the p- and t-alanine formed in this way is not susceptible to 
inhibition by glycine or p-alanine, respectively, as it is when their absorp- 
tion from the medium is required.’ 

Many studies have been made of the availability of peptides as amino 
acid sources for bacterial growth. In most instances, the peptides have 
been somewhat less or equally as active as the amino acid in supporting 
growth. In such instances, hydrolysis of the peptide prior to utilization 
of the amino acid has been suggested as the mechanism of utilization (4, 
11-17). In asmaller number of studies several pure peptides have proved 
more active than the corresponding amino acids in promoting growth 
(18-20). Direct utilization of the peptide without prior hydrolysis has 
been postulated as a possible means of explaining this enhanced activity 
(18-20). The observations described in the experimental portion of this 
paper demonstrate, however, that these peptides also may be hydrolyzed 
prior to utilization. 

Hills (21) observed an antagonistic relationship between p- and L-alanine 
in their effects on germination of spores of Bacillus anthracis reminiscent 
of the relationship described herein. Peptides of L-alanine were not tested 
as reversing agents. There is no reason to believe that this relationship of 
p-alanine to utilization of L-alanine and its peptides is unique, and since 
many cases of the inhibition of utilization of one amino acid by a related 
amino acid (1, 22, 23) or by synthetic analogues (24, 25) are known, we 
may expect to find such enhanced activity of peptides quite frequently. 

It has been emphasized elsewhere (26, 27) that one essential metabolite 
may inhibit synthesis of another essential metabolite by a given organism. 
In such cases, the latter metabolite becomes a nutritional essential, even 
though the cell retains the ability to synthesize it and may do so (and 

* In some experiments, the maximum growth obtained with vitamin B, is decreased 
slightly when glycine is added, but the effect is small compared to that in the absence 
of vitamin B.z, and does not change the argument presented. 

* An alternative but less simple hypothesis is that L-alanine formed by Reactions 
h and j differs (e.g., in the state of its chemical combination with enzyme surfaces) 
from that present at Reaction g in such a way that p-alanine can interfere only with 
utilization of the latter. 
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hence grow without it) under appropriately modified conditions. The data 
of this paper show that apparent nutritional requirements may also arise 
because one essential metabolite (p-alanine) may inhibit uéilization of an- 
other (L-alanine) when supplied in one. form, but not when supplied in a 
modified form (e.g., peptides of t-alanine). In such a case, the modified 
form of the essential metabolite, rather than the free metabolite, will ap- 
pear as the essential nutrient. 

Finally, the possible bearing of these results on the use of antimetabolites 
in tracing metabolic pathways should be mentioned. It is usually con- 
sidered that the product of an enzymatic conversion blocked by a given 
antimetabolite should counteract the inhibitory effects of the antime- 
tabolite more effectively than does the substrate of the reaction, and 
this in turn more effectively than does a precursor of the substrate (28). 
In the present instance, these relationships appear not to hold, since 
t-alanine peptides, which are hydrolyzed by the cells and hence act as 
precursors of L-alanine, far surpass L-alanine itself in their ability to over- 
come the inhibitory effects of p-alanine. 

A second mechanism whereby peptides may show growth activity greater 
than that of their component amino acids was suggested by Gale (29). 
This is discussed in connection with an experimental demonstration of its 
validity in an accompanying paper (30). 

SUMMARY 

Lactobacillus casei grows in the absence of vitamin Beg, provided that 
p-alanine and certain peptides are supplied in an otherwise complete 
medium. An active peptide fraction obtained from a partial hydrolysate 
of protein contained alanyl and tyrosyl peptides of leucine, isoleucine, and 
valine (3). Tests on synthetic peptides revealed that, while tyrosine-con- 
taining peptides were inactive, all peptides that contained L-alanine in 
either the carboxyl or amino position were active. t-Alanine itself was 
inactive under the same conditions. Despite this fact, resting cells of 
L. casei hydrolyzed the active peptides to their component amino acids. 

When the glycine content of the medium was lowered, L-alanine showed 
growth-promoting activity of a much lower order than that shown by the 
active peptides. Under these conditions, p-alanine was shown to an- 
tagonize very strongly the utilization of L-alanine, but not that of L-alanine 
peptides. The latter function as essential growth factors by supplying 
t-alanine in an available form. High levels of glycine inhibit utilization 
of p-alanine, but not that of L-alanine. 

Many instances in which peptides show greater growth-promoting ac- 
tivity than their component amino acids may have a similar explanation; 
i.e., utilization of the free amino acid, but not that of its peptides, may be 
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inhibited by related amino acids present in the culture medium. A possi- 
ble mechanism for this behavior is discussed. 
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III. UTILIZATION OF TYROSINE AND TYROSINE PEPTIDES BY 
STREPTOCOCCUS FAECALIS 


By HAYATO KIHARA, OLETA A. KLATT, ann ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of 
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Although many reports concerning utilization of peptides by microorgan- 
isms have appeared, information is lacking concerning the mechanism by 
which they exert their effects. This is particularly true when the peptides 
surpass the corresponding free amino acids in growth-promoting activ- 
ity. 

In the preceding papers (1, 2), peptides of L-alanine were shown to sur- 
pass L-alanine greatly in their ability to support growth of Lactobacillus 
casei in the absence of added vitamin Bs. This enhanced activity of the 
peptides was ascribed to the fact that p-alanine, also required for growth 
under these conditions, strongly inhibited utilization of free L-alanine, but 
inhibited utilization of L-alanine peptides very little, if at all. It appeared 
probable that many instances in which peptides show greater activity than 
their component amino acids in supporting growth could be explained in 
similar terms; 1.e., inhibition of utilization of the free amino acid, but not 
of the peptide, by an antagonistic amino acid present in the nutrient 
medium. 

A second mechanism which may operate in instances in which peptides 
show higher activity than their component amino acids was pointed out 
by Gale (3). He reported the presence of arginine dihydrolase in a strepto- 
coccus of Group D which converts free arginine to ornithine. The latter 
was not utilizable for growth. Acid-treated salmine was much more active 
than arginine in supporting growth, presumably because arginine combined 
in peptides was not subject to the action of an enzyme that destroyed 
it. 
A particularly clear cut example of the operation of this latter mechanism 
is presented below. Streptococcus faecalis rapidly decarboxylates free tyro- 
sine, but not derivatives of this amino acid, e.g. peptides (4). The enzyme, 
tyrosine decarboxylase, is functional only in the presence of ample vitamin 
B, (4). It is shown that tyrosine peptides far surpass tyrosine in growth- 
promoting activity when conditions are suitable for tyrosine decarboxyla- 
tion, but not when the organism is grown under conditions such that this 
enzyme is non-functional. 
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EXPERIMENTAL 


Assay Techniques—S. faecalis R (ATCC 8043) was carried as a stab 
culture in the usual manner (5). Inocula were incubated for 24 hours at 
37° in 20 ml. of the basal medium (Table I) supplemented with 4 mg. of 
L-tyrosine. Cells were centrifuged and resuspended in 10 ml. of sterile 
saline. 3 ml. of this suspension were used to inoculate each forty assay 
tubes. 

5 ml. of the basal medium, minus glucose and ascorbic acid, and samples 


I 
Composition of Basal Medium 
— Amount per 
medium medium 
Glucose 2 gm. L-Glutamic acid 150 mg. 
Sodium citrate L-Arginine, p.L-leucine, 125 
pL-isoleucine, L-lysine, each 
“acetate 0.2 gm. DL-valine 
KH,PO,, K;H,PO, 600 mg. each | pi-Threonine 100 mg. 
MgSO,-7H;,O 40 “ L-Aspartic acid, glycine,|) 50 “ 
NaHCO, 20 pDL-methionine, pL-phen-) each 
ylalanine, L-proline 
NaCl, FeSO,-7H.O, 2 “ each | pi-Alanine, pL-asparagine,, 40 mg. 
MnSO,-H,0 L-eystine each 
Ascorbic acid 60 “ L-Histidine 31 mg. 
Riboflavin, thiamine, ni- 80 y each DL-Serine 25 “ 
acin 
Ca pantothenate, p-amino-| 40‘ pL-Tryptophan 2 
benzoic acid 
Folic acid few Adenine, guanine, uracil i 
Biotin 0.47 Adjust to pH 6.8 each 


were incorporated into 9.5 ml. volumes in 18 X 150 mm. Pyrex test-tubes, 
The tubes were covered with aluminum caps and autoclaved for 5 minutes 
at 120° together with separate solutions of glucose and of ascorbic acid. 
After cooling, appropriate amounts of the glucose solutions, the ascorbic 
acid solution, and the inoculum suspension were mixed to supply the requi- 
site amount of each for 10 ml. of medium in a volume of 0.5 ml. The 
latter amount was then transferred aseptically to each culture tube. After 
incubation at 37° for 16 to 20 hours, growth was determined photometri- 
cally with the Evelyn colorimeter and the 660 mz filter. 


Results 


Effect of Vitamin Bz, on Comparative Growth-Promoting Activities of T'yro- 
sine and Its Peptides—S. faecalis grows well in the absence of vitamin Bg 


- n= = = 
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if p-alanine is included in a medium containing each of the L-amino acids 
(6, 7); cells obtained in this way do not decarboxylate tyrosine. The 
comparative activities of tyrosine and of tyrosine peptides for growth under 
these conditions are shown in Fig.1. Tyrosine and leucyltyrosine are very 
nearly equally active in promoting growth; at the time selected for this 
comparison, glycyltyrosine is somewhat less active, and becomes toxic at 
higher concentrations. When large amounts of vitamin B, are added to 
such a medium, tyrosine decarboxylase is functional (4, 8, 9), and under 
these conditions both leucyltyrosine and glycyltyrosine far surpass tyrosine 
in activity (Fig. 2). It should be noted that this increased comparative 


L-LEUCYL-t-TYROSINE 


GLYCYL-t-TYROSINE 


WITHOUT VITAMIN Bg 


04 
MICROMOLES PER 10 ML 


Fic. 1. Growth response of S. faecalis to tyrosine or tyrosine peptides in the 
absence of vitamin Bs. Incubation time, 19 hours. 


INCIDENT LIGHT TRANSMITTED, % 


activity of the peptides results not from an increase in their absolute 
activity on the molar basis, but rather from a great decrease in the activity 
of tyrosine. These latter relationships are brought out in Table II, where 
the activities of the three compounds in the presence of varying amounts 
of vitamin B, are compared. 

Hydrolysis of Tyrosine Peptides by S. faecalis—Cells of S. faecalis were 
grown in the vitamin B,-free basal medium supplemented with 1 mg. of 
L-leucyl-L-tyrosine per 10 ml. and (a) with no added pyridoxamine or (6) 
with 100 y of pyridoxamine per 10 ml. After 19 hours incubation at 37°, 
the cells were centrifuged, washed, and suspended in 0.01 m phosphate 
buffer 6.25. A 0.1 ml. aliquot, equivalent to 0.1 mg. of dry cells, was 
incubated with 100 y of peptide or of L-tyrosine, also in 0.1 ml. of buffer, 
and with or without added pyridoxal (2 y). Buffered suspensions or solu- 
tions of cells alone, peptide alone, and tyrosine alone were incubated simul- 
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taneously as controls. After incubation for 12 hours at 37°, cells were 
removed by centrifugation, and the supernatant liquid spotted on filter 
paper sheets and chromatographed (cf. (2, 10)). Water-saturated phenol 


L- LEUCYL-.-TYROSINE 

40 

2 50 
60 GLY CYL-t-TYROSINE 

= 70 

4 TYROSINE 

80 
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2 04 o8 12 16 20°54 


MICROMOLES PER 10 ML 
Fic. 2. Growth response of S. faecalis to tyrosine or tyrosine peptides in the 
presence of excess vitamin Bs. Each ml. of medium contained 10 7 of pyridoxamine. 
Incubation time, 19 hours. 


II 
Effect of Vitamin B, on Growth-Promoting Activities of Tyrosine and Tyrosine Peptides 
for 8S. faecalis 
Pyridoxamine per 10 ml. 
Activityt 
Glycyl-u-tyrosine................... 43 56 49 
100 67 61 


* We are indebted to Dr. K. P. Link for gifts of the tyrosine peptides. 

t The amount of 1 leucyl-t-tyrosine (see Fig. 1) required for half maximum 
growth in the absence of vitamin B, has been designated as 100. Other figures 
represent the per cent of this activity (on a molar basis) shown by the compounds 
under the various conditions listed. Incubation time, 19 hours. 


was the developing solvent. The results (Fig. 3) showed that the peptides 
were hydrolyzed by cells grown with or without vitamin Bs. Decarboxyla- 
tion of L-tyrosine was carried out by cells grown with pyridoxamine, but 
not by cells grown in its absence. The latter cells did decarboxylate this 
amino acid when pyridoxal was added to the incubation mixture. 
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In separate trials, incubation of the cell suspensions was interrupted at 
1, 3, and 6 hours. With these shorter incubation times it was readily 
established that leucyltyrosine was hydrolyzed more rapidly than glycyl- 
tyrosine. The growth-promoting activities of the two peptides (Figs. 1 
and 2) thus correlate with their hydrolysis rates. 

Effect of Conditions upon Comparative Activities of Tyrosine and Tyrosine 
Peptides—As shown above, the activity of tyrosine relative to that of 
tyrosine peptides is low when tyrosine decarboxylase is functional. Altera- 
tion of conditions in such a Way as to decrease the activity of this enzyme 


R, NO CELLS PLUS CELLS 

069} 0—O--0--— 

0.39 O- 

0.22 
1 id 


Fia. 3. The hydrolysis of tyrosine peptides and the decarboxylation of tyrosine 
by resting cells of S. faecalis. See the text for the conditions. The results shown 
were obtained with the culture grown without added vitamin Bg. 


tends to decrease this difference in activity. Thus, formation of tyrosine 
decarboxylase is favored by a low pH (4); correspondingly, lowering the 
initial pH of the medium increased the requirement for tyrosine for growth. 
Lowering the size of the inoculum decreased, but did not eliminate, the 
observed difference in activity of tyrosine and tyrosine peptides; conversely, 
even more striking differences may be observed if larger inocula are em- 
ployed. This effect of inoculum size very likely correlates with the obser- 
vation (4) that tyrosine decarboxylase is produced in large amounts late 
in the growth period. Inoculum cells are therefore rich in this enzyme, 
and the larger the inoculum, the earlier the effects of the enzyme upon 
added tyrosine become apparent. 


* 
‘ 
+ 


806 PEPTIDES AND BACTERIAL GROWTH. III 


MacLeod (9) previously noted that S. faecalis required more tyrosine 
for growth in the presence of vitamin B. than was required in the absence 
of this vitamin, and ascribed this difference to the destructive action of 
tyrosine decarboxylase upon this amino acid. His results and conclusions 
are fully confirmed by the present investigation. 

By selecting conditions favorable for the action of this enzyme, the 
apparent requirement for tyrosine can be increased 10-fold or more over 
that required in the absence of vitamin Bs. Tyrosine combined in peptides 
is protected from this action of the decarboxylase; hence the peptides sur- 
pass tyrosine in activity under these conditions. This is true despite the 
fact that the tyrosine peptides are hydrolyzed by resting cells, and hence 
presumably by growing cells, prior to utilization for protein synthesis. 
The explanation for the failure of the tyrosine liberated by hydrolysis to 
undergo decarboxylation is not known. However, when peptides are being 
hydrolyzed, tyrosine would become available to the organism continuously, 
at a relatively constant rate per cell, and would always be present in low 
concentration. It is then necessary to assume only that the protein-syn- 
thesizing enzymes have a higher affinity for tyrosine than does tyrosine 
decarboxylase to explain its efficient utilization for growth under these 
conditions. In contrast, when free tyrosine is added to the medium, it is 
available in sufficient amounts to saturate both protein-synthesizing en- 
zymes and decarboxylase; much of it is therefore destroyed and the prefer- 
ential use by protein-synthesizing systems would become apparent only 
after its total concentration had been reduced to very low levels. In the 
absence of vitamin Bs, enzymatic destruction does not occur for lack of 
codecarboxylase; under these conditions, therefore, added free tyrosine is 
as active as, or more so than, the peptides in supporting growth. 

Two additional results of interest may be pointed out. First, conditions 
of growth (high vitamin Be, low tyrosine) could readily be selected that 
would permit demonstration of a pronounced growth response to partial 
hydrolysates of protein or to tyrosine peptides, but not to equal amounts 
of free amino acids. Such growth effects of partial hydrolysates have 
frequently been encountered ((11, 12), and literature on “strepogenin”’) 
and may in many cases result from mechanisms similar to those described 
in this and the preceding paper (2). Secondly, conditions also could be 
selected (low vitamin Bs, marginal tyrosine) such that additions of vitamin 
Bg would show a marked “inhibitory” effect on growth due to activation of 


! Data of Table II show that the tyrosine peptides are slightly less active in the 
presence of vitamin B, than they are in its absence. Apparently, then, a fraction of 
the tyrosine liberated by their hydrolysis is decarboxylated. 
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the tyrosine-decarboxylase system. Such effects are confusing when en- 
countered with crude media, but become readily understandable once the 
underlying mechanisms have been clarified. 


SUMMARY 


Leucyltyrosine and glycyltyrosine far surpass tyrosine in growth-promot- 
ing activity for Streptococcus faecalis in media high in vitamin Bg, but are 
equal to or slightly less active than tyrosine in promoting growth in media 
free of vitamin Bg. 

The result is due to the production of tyrosine decarboxylase by S. 
faecalis; free tyrosine, but not peptide-bound tyrosine, is destroyed by 
thisenzyme. Hence the tyrosine peptides can supply the tyrosine required 
for growth with greater efficiency than free tyrosine when vitamin Bg is 
present. Tyrosine decarboxylase is non-functional when vitamin Bg is 
absent; under these conditions free tyrosine is not destroyed and serves 
equally well as or better than tyrosine peptides as a source of tyrosine. 

Peptides of tyrosine were hydrolyzed by resting ceils of S. faecalis; 
leucyltyrosine was hydrolyzed more rapidly than glycyltyrosine and was 
also more active in promoting growth. The failure of the tyrosine pro- 
duced by hydrolysis to undergo decarboxylation by growing cells is ascribed 
to its continual production at a low concentration, and the higher affinity 
of protein-synthesizing enzymes than of tyrosine decarboxylase for tyrosine. 
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A SPECTROPHOTOMETRIC METHOD FOR THE ANALYSIS 
OF THE PURINE AND PYRIMIDINE COMPONENTS 
OF RIBONUCLEIC ACID* 
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HARRY L. SEAGRAN 


(From the Department of Chemistry and the School of Medicine, Stanford University, 
‘Stanford, California) 


(Received for publication, March 31, 1952) 


The analysis of binary mixtures of the purine and pyrimidine com- 
ponents of ribonucleic acid by absorption spectrophotometry has been 
used in several laboratories (1-4). The purine values obtained in this 
way by Kerr, Seraidarian, and Wargon (4) agreed well with the nitrogen 
content of the same solutions. Discrepancies were found in the results 
for the pyrimidine components, however, indicating that interfering sub- 
stances were present and throwing doubt on the reliability of the values 
found. As the pyrimidine nucleotides were determined from the ultra- 
violet absorption of the mother liquor fraction, it is apparent that a num- 
ber of factors might be responsible for the observed discrepancies, such as 
the presence of ultraviolet-absorbing decomposition products or of protein 
impurities. In an attempt to eliminate some of these factors, Kerr e¢ al., 
proposed a preliminary precipitation of the pyrimidine nucleotides as 
silver salts as an alternative procedure to the direct optical density meas- 
urements on the pyrimidine fraction. While the recoveries of cytidylic 
and uridylic acids from known solutions by this procedure were relatively 
good (92 to 112 per cent), no comparative data were published when both 
methods were applied to the same nucleic acid hydrolysate. 

The recent discovery of the occurrence of isomeric pyrimidine nucleo- 
tides in acid hydrolysates of ribonucleic acid (5, 6) has provided a further 
difficulty for the direct application of absorption spectrophotometry to 
the analysis of the pyrimidine nucleotide fraction. It has been found that 
the molecular extinction coefficients of the isomeric pyrimidine nucleotides 
are appreciably different (6, 7). The question has therefore arisen as to 
whether or not the extinction values previously used (3, 8) are the correct 
ones for the mixture of isomers present after acid hydrolysis. 

In studies on the structure of the two cytidylic acids, it has been found 
that they form the same cytidine on dephosphorylation with acid phos- 
phatase (9). Assuming that the same uridine is similarly obtained from 


* Aided by grants from the Rockefeller Foundation and the American Cancer 
Society. 
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the two uridylic acids' (6), a logical approach to the analysis of the py- p 
rimidine nucleotide fraction is its conversion by phosphatase to a solution a 
of the corresponding nucleosides, thus eliminating the difficulties inherent 4 
in the analysis of the mixture of isomeric nucleotides. This procedure has v 
the advantage, too, that the small amount of pyrimidine nucleoside formed t 
during acid hydrolysis is no longer a complicating factor. 

This paper presents an experimental procedure for the spectrophoto- 0 
metric analysis of ribonucleic acid based on the separation of the purines 8 
from the acid hydrolysate by silver precipitation, followed by the con- 1 
version of the pyrimidine nucleotides to nucleosides by acid phosphatase. ’ 
The method has been applied to known solutions containing adenine and 
guanine and to others containing cytidylic and uridylic acids, as well 
as to mixtures of all four of these components under conditions comparable 
to those found in a nucleic acid hydrolysate. Also presented is a method 
for the partial purification of the pyrimidine nucleoside fraction by the : 
removal of acidic contaminants such as the ultraviolet-absorbing amino r 
acids on a Dowex 1 ion exchange column. As a further step toward im- 
proving the accuracy of the spectrophotometric method of analysis, the . 
extinction coefficients of adenine, guanine, and cytidine have been re- 
vised in line with the results found for several different highly purified ( 
samples of each compound. 

EXPERIMENTAL 

Molecular Extinction Coefficients of Adenine and Guanine—Because it 
has been impossible to determine precisely from published absorption 
curves the extinction coefficients for adenine and guanine at the wave- 
lengths used, we have made such measurements on carefully purified sam- 
ples of adenine, adenine sulfate, guanine, and guanine hydrochloride. e 
The guanine hydrochloride was obtained by concentration of a hydro- 
chloric acid extract of the silver purines prepared from a nucleic acid 
hydrolysate. The crude material was recrystallized three times from 5 N 
hydrochloric acid. Free guanine was prepared from the hydrochloride 
by precipitation with dilute ammonia. Adenine sulfate was prepared 
from the filtrate remaining after the separation of the guanine hydrochlo- 
ride by precipitation of adenine as the picrate, recrystallization of the 

! The relationship of the cytidylic acids, [a], = +18° and +50°, to uridylic acids 
a and b of Cohn (6) is indicated by deamination of the former to products having op- 
tical density ratios, 280 my:260 mg, of 0.27 and 0.34 respectively. As these ratios 
are the same as those reported by Cohn for the uridylic acids separated from ribonu- 
cleic acid hydrolysates, it appears that the same compounds are formed in both 
cases. The isolation of the same cytidine from the two cytidylic acids thus provides 


evidence that the two uridylic acids are likewise derivatives of the same uridine 
(Loring and Bortner, unpublished data). 
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picrate from 25 per cent acetic acid, and conversion to the sulfate by the 
addition of concentrated sulfuric acid to a suspension of the picrate in 
4:1 alcohol-ether. The adenine sulfate was recrystallized twice from 
water. Free adenine was prepared from the purified adenine picrate by 
the method of Hitchings (10) and recrystallized twice from water. 
Samples of each of the four compounds were dried to constant weight 
over P,O, at 100° in vacuo. A 100 to 200 mg. portion of each was dis- 
solved in 0.1 Nn HCl and diluted to a large volume, usually 1 liter. Three 
10 ml. aliquots of each stock solution were diluted to 100 ml. with 0.1 
n HCl, giving a final concentration of about 0.01 mg. of purine per ml. of 


Tasie I 

Molecular Extinction Coefficients of Adenine and Guanine at pH 1.0 
Compound 240 mp | 252 mys 262 my 276 ms | 280 mp 
@ 5310 | 10,900 | 13,100 | 7050 4720 
5310 | 10,900 | 13,100 | 7060 4720 
5310 | 10,900 | 13,100 | 7060 4720 
9390 | 11,000 | 7,640 7180 6660 
hydrochloride. ............... 9410 | 11,000| 7,660) 7180 6660 
9400 | 11,000; 7,650 7180 6660 
Adenine sulfate*...................... 5700 | 11,100 | 13,300 | 7100 4500 
Guanine hydrochloride*............... 9500 10,900 7,580 7100 6700 


* The values at 262 and 276 my are those given by Kerr e¢ al. (3). The others are 
estimated from absorption curves presented in the same publication. 


solution. Optical density measurements were made on these solutions 
with the model DU Beckman spectrophotometer, calibrated with the 253.6 
my band of a mercury arc. The molecular extinction coefficients at the 
wave-lengths used were calculated from the mean value of the optical 
densities of the three final solutions of each compound and are presented 
in Table I. For comparison the extinction coefficients for adenine and 
guanine previously reported by Kerr ef al. (3) are also given. For guanine 
the differences are small and probably insignificant for practical purposes. 
For adenine, however, the differences are much greater than the experi- 
mental error in several instances, reaching 7 per cent at 240 my. Because 
consistent results were found both with the free purine bases and their 
purified salts, we feel that the present values are more accurate than those 
previously published. 
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The equations for the calculation of the concentration of adenine and 
guanine in a mixture at pH 1.0 were derived from simultaneous equations 
(1, 11) and are similar to those given by Kerr et al. (3). The average ex- 
tinction values for the wave-lengths mentioned were used. Total purine 
was calculated from the average values at 252 my and 276 my, correspond- 
ing to the intersection points of the absorption curves. In these equations, 
which are given below, C represents the concentration in moles per liter 
of the compound in question, while D is the observed optical density at 
the wave-length shown in the subscript. 


Adenine 

— 7.65D0, — 
262-280 my, C = mixes 262-240 my, C $25 x 10° 
Guanine 

4.72D xe, 13.1Ds6 - 
am, C 8.25 x 10° 
Total purine 

Dea Das 
252 my, C = 10,950’ 276 my, C 7,120 


Recovery of Adenine and Guanine before and after Acid Hydrolysis and 
Silver Precipitation—Various recovery experiments were performed to 
determine the accuracy with which the above equations could be applied 
to known solutions of adenine and guanine and to solutions that had been 
subjected to the hydrolytic and precipitation conditions used in the hy- 
drolysis and fractionation of ribonucleic acid. In this way the stability 
of adenine and guanine to acid hydrolysis as determined spectrophoto- 
metrically and the extent to which they could be precipitated as silver 
salts and reextracted by dilute acid before.and after acid hydrolysis were 
determined. 

A 10 ml. aliquot containing 12.4 um of adenine and 14.0 um of guanine 
in 1 N H,SO, was placed in a 15 ml. centrifuge tube and heated in boiling 
water for 1 hour. The solution was brought to pH 1 by the addition of 11 


n KOH, and, after warming to about 50°, 1 ml. of 20 per cent silver nitrate - 


was added. After cooling to room temperature, the tube was placed on 
ice overnight, and the silver-purine precipitate collected by a brief cen- 
trifugation and washed in the centrifuge tube three times by suspension 
in a few ml. of ide-cold 0.1 N H:SQ,. The original supernatant liquid and 
the washings were filtered through a fine sintered glass funnel to retain a 
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few small floating particles of silver-purine. The purine bases were ex- 
tracted from the silver-purine salts by treatment in the centrifuge tube 
with four successive 10 ml. portions of hot 0.1 n HCl; the mixture was 
stirred for 3 or 4 minutes after each addition, centrifuged, and the super- 
natant solution poured through the funnel used previously. Each wash- 
ing was allowed to remain in the funnel for several minutes with occasional 
stirring before being filtered by suction. The combined purine-contain- 
ing filtrates were diluted to 50 ml. with 0.1 n HCl and 10 ml. of this solu- 
tion were further diluted to 100 ml. with 0.1 nN HCl for optical density 
measurements. 

The recoveries of adenine and guanine in this experiment as well as in 


Taste Il 
Per Cent Recovery of Purines under Various Conditions 
| Adenine | Guanine Total purine 
Treatment applied wilds 
(262-280 my 262-240 mo 262-280 my | 262-240 mp | 252mm | 276 mp 
Acid hydrolysis, xn H,S0O,, 99 99 101.5 101.5 100.5 100 
1 hr., 100° 
Precipitation as silver salts 99 98 99 ! 100 98.5 98S 
Acid hydrolysis and pre- 98 98 99 99 99 98 
cipitation as silver salts 


In each experiment 12.4 um of adenine and 14.0 um of guanine were used in a volume 
of 10 ml. of n sulfuric acid. The values shown in each case are the averages of at 
least three experiments. No single determination differed by more than 1 per cent 
from the average value. 


similar experiments after heating in acid alone and after precipitation 
and extraction without heating are summarized in Table II. It may be 
seen that adenine and guanine are effectively precipitated by silver at 
pH 1 and recovered by the extraction procedure described. Although 
small losses occur both during acid hydrolysis and silver precipitation as 
indicated by the recoveries shown, the losses may be neglected under the 
conditions used provided the quantity of each purine analyzed is of the 
order of 2mg. Comparable results were found when the amounts of aden- 
ine and guanine used were reduced to about 0.3 mg., provided the volumes 
employed during the precipitation by silver and the washing were pro- 
portionately reduced. 

Molar Extinction Coefficients of Cytidine and Uridine—The extinction 
coefficients at the wave-lengths used for the present analyses were deter- 
mined at pH 2 for a sample of uridine recrystallized three times and were 
in excellent agreement with those reported previously (8). Determina- 
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tions on several different samples of highly purified cytidine sulfate gave 
values in good agreement with each other but which differed significantly 
from those reported. It appears likely, therefore, that the sample of free 
cytidine previously used (8) was slightly impure and that the present 
results are more nearly correct. Samples of uridine and cytidine sulfate 
ranging from 50 to 150 mg., that had been dried to constant weight in 
vacuo over P,O,, were used and dilutions were made with 0.01 Nn HCl. The 
molar extinction values at 260, 267, 278, and 295 my of the different sam- 


Taste III 
Extinction Coefficients of Cytidine and Uridine at pH 2.0 
Wave-length 
Compound used Source a 
260mp | 267 mp | 278mpe | 295 mp 
Cytidine sulfate Schwarz,* recrystallized | 6320 9560 13,000 6270 
3 times 
Cytidylic acid, = | 6400 9640 13,100 6360 
+50° (9)f 
Cytidylic acid, [a], = 9520 12,900 6340 
+18° (9) 

6340 9570 13,000 6320 
Cytidine (8) 6250 9300 12,700 6060 
Uridine (1) recrystallized 3 times | 9840 9330 4,490 70 

(8) 9900 9300 4,500 


The values in each case are the averages of at least three experiments. No single 
determination differed by more than 1 per cent from the average value. 

* The original sample was kindly provided by Dr. L. Laufer of the Schwarz 
Laboratories, Inc. 

t The figures in parentheses refer to the bibliography. 


ples in comparison with the values previously reported are given in Table 
IT. 

The equations for the calculation of cytidine and uridine concentration 
from optical density measurements at 260 and 278 my at pH 2 were de- 
rived as described previously (1) from the mean extinction values taken 
from Table III and are presented below. The symbols have the same 
significance as in the equations for the purines. 


13.0D — 6.34D 
Cytidine, C = 9.90Dm — 4.50D 20 


10 10 


( 
’ 


+! 


LORING, FAIRLEY, BORTNER, AND SEAGRAN 815 


The intersection of the cytidine and uridine absorption curves occurred 
at 266.5 my and gave a molar extinction value of 9380. The equation for 
total pyrimidine nucleoside concentration, C, determined from the optical 
density, D, at 266.5 my appears below. 


Ca 


In the recovery experiments that follow, performed prior to the deter- 
mination of the true intersection point, total pyrimidine nucleoside was 
calculated from optical densities at 267 my, with 9450 for the molar ex- 
tinction at this point. The error introduced in this way is less than 1 
per cent and therefore either method of calculation gives results which 
are probably within the experimental error. 

Optical density measurements at 295 my were made as a further check 
on the cytidine values in the experiments given below. At this wave- 
length the molar extinction value for uridine is very small and the optical 
density is therefore primarily a measure of the cytidine present. The 
equation in this case is as follows: 

Das — T0Curidine 
6.32 xX 10° 


The value for the uridine concentration, Curiaine, must be independently 
obtained. However, if the latter is neglected, the error is relatively small 
for solutions containing roughly equal amounts of cytidine and uridine, 
amounting to about 1 per cent of the true cytidine value. 

Recovery of Pyrimidine Nucleosides from Nucleotides—As in the experi- 
ments on the recovery of the purine bases after acid hydrolysis and silver 
precipitation it was desirable to determine to what extent known samples 
of pyrimidine nucleotides could be recovered after acid hydrolysis, treat- 
ment with silver nitrate, dephosphorylation with acid phosphatase, and 
removal of aromatic amino acid impurities and traces of purines by ion 
exchange. The effect of each type of treatment was determined in sepa- 
rate experiments with aliquots of a stock solution containing 40.9 mg. of 
disodium uridylate (9) and 34.3 mg. of cytidylic acid [a], = +18° (7) 
in 100 ml. of n sulfuric acid. 

Aliquots of the stock solution containing about 3 um of each nucleotide 
were heated at 100° for 1 hour, treated with 0.2 ml. of 20 per cent silver 
nitrate, and the silver removed as the chloride. The resulting solutions 
after adjustment to pH 4.7 were incubated for 3 hours at 38° with 2 mg. of 
prostatic phosphatase (9) and the optical densities determined on the 
diluted solutions at pH 2. The recovery of cytidine and uridine calcu- 
lated by means of the equation mentioned is shown in Table IV, together 
with the results of similar experiments in which the nucleotide mixture 
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was dephosphorylated directly as well as after heating for 1 hour at 100°. 
In each case the same volume of 1 N sulfuric acid was carried through the 
identical procedures to serve as a reagent blank for the optical density 
measurements. 

The results, in conjunction with analyses for inorganic phosphate, 
showed that both pyrimidine nucleotides could be recovered quantitatively 
as nucleosides after prostatic phosphatase treatment without a significant 
deamination of cytidine, provided that the preliminary heating in 1 n 
acid was omitted. After acid treatment and dephosphorylation by phos- 
phatase as well as after removal of added silver ion, from 96 to 97 per cent 
of the calculated value for cytidine was found, while the recovery of uri- 


TaBLe IV 
Recovery of Pyrimidine Nucleosides under Various Conditions from Miztures of 
Pyrimidine Nucleotides 
Per cent recovery 
Total 
Treatment Cytidine Uridine pyrimidine 


Dephosphorylation by acid phosphatase 100 102 102 100 
Acid hydrolysis and dephosphorylation 97 96 104 100 
Ag* added and removed 96 96 102 99 
and dephosphorylation 
Dephosphorylation and Dowex 1 column| 100 98 99 99 


(amino acids present) 


dine ranged from 102 to 104 per cent. These results indicated that no 
significant destruction or loss of pyrimidines had taken place, but that 
approximately 4 per cent of the cytidylic acid had been deaminated to 
uridylic acid in the course of heating with acid. This observation has 
been confirmed with other samples of each cytidylic acid isomer, the extent 
of deamination falling in all cases between 3 and 4 per cent. This result 
is comparable to that found for the deamination of cytidine in acid solu- 
tion (1). 

Recovery of Pyrimidine Nucleosides after Filtration through Dowex 1 (Bi- 
carbonate)—It has been noted previously that the pyrimidine fractions of 
nucleic acid hydrolysates appear to contain impurities which cause poor 
agreement between the spectrophotometric results and nitrogen analysis. 
An explanation for this discrepancy might be the presence of amino acids 
or other protein degradation products. As the aromatic amino acids 
exhibit appreciable absorption in the spectral range used for the analysis 


| 260-278 mys | 295 mys | 260-278 my | 267 my 
| 
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of the pyrimidine components, it was considered that the use of an ion 
exchange resin capable of separating such contaminants from the pyrimid- 


ine nucleosides might well lead to better results in the analysis of nucleic 
acids. Experiments were therefore performed to determine the conditions 


under which the amino acids tyrosine and tryptophan could be effectively 
removed from a pyrimidine nucleoside solution with Dowex 1. The col- 
umn used consisted of 6 ml. of Dowex 1 (bicarbonate), 250 to 500 mesh, 
in a glass tube 2 cm. in diameter equipped with a sintered glass filter. 
The resin was cycled prior to each use with 200 ml. each of n HCl, 
n NaOH, and 2 per cent NaHCQ;. 

A stock solution was prepared containing 1 mm of KNO;, 10 um of 
KH.PO,, 1 mm of HCl, 0.282 um of uridylic acid, 0.258 um of cytidylic 
acid, 1 um of tryptophan, and 1.1 uM of tyrosine per ml. of N sulfuric acid. 
This solution approximates that of the pyrimidine nucleotide fraction of a 
nucleic acid hydrolysate with the exception of the amino acids. The 
ultraviolet absorption of the amounts of amino acids used was approxi- 
mately equal to that of the pyrimidine components at 278 my. A 5 ml. 
aliquot of this stock solution was treated with 2 mg. of phosphatase as 
previously described. The pH was then brought to 8.3 with NaOH 
and the solution filtered with the aid of suction through the ion exchange 
resin. The resin was washed with 2 per cent NaHCO, until the total 
volume of the effluent was about 80 ml. The pH of the effluent was 
brought to 2.0 with 6 n H,SO, and the volume adjusted to 100 ml. with 
0.01 n HCl. From optical density measurements against a reagent blank 
carried through the same procedures it was found (Table IV) that 100 per 
cent of the cytidine and 99 per cent of the uridine were recovered, indi- 
cating that the amino acids were effectively removed by the resin. Other 
experiments with solutions of pyrimidine nucleosides and with solutions 
containing only the amino acids confirmed both the quantitative recovery 
of the pyrimidine nucleosides and the removal of amino acids. Similar 
experiments with 0.05 um quantities of adenine and guanine, correspond- 
ing to the amounts likely to be present in the pyrimidine fraction due to 
the slight solubility of the silver-purines, demonstrated that both purines 
were effectively removed from solution by filtration through the Dowex 
1 (bicarbonate) column. 

Ribose Interference in Analysis of Pyrimidine Nucleotides or Nucleo- 
sides—In the analysis of the pyrimidine nucleotide or nucleoside fraction 
by ultraviolet absorption methods, the formation of absorbing materials 
such as furfural from the ribose liberated during acid hydrolysis provides 
a possible source of error. The following experiments with crystalline 
yeast adenylic acid and with free ribose were performed to determine the 
magnitude of such effects. 
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A 10 ml. aliquot containing 30.3 um of adenylic acid in 1 wn H:SO, was 
heated in a boiling water bath for 1 hour. Adenine was precipitated as 
the silver salt, redissolved with HCl, and estimated as previously de- 
scribed. 29.3 um, or 97 per cent of the theory, were recovered. The 
filtrate from the silver-adenine, corresponding to the pyrimidine fraction, 
was diluted to 25 ml. The pH of a 10 ml. aliquot was adjusted to 8.3 
and the solution filtered through Dowex 1 (bicarbonate), as previously 
described, to remove traces of adenine. ‘The filtrate was diluted to 100 
ml. and the optical densities determined against a reagent blank similarly 
treated. The extinctions per mole of adenylic acid ribose at 260, 267, 
278, and 295 my were 80, 100, 110, and 50 respectively. These values are 


V 
Analysis of Mizture of Purines and Pyrimidine Nucleotides 
Component Amount present | Amount found | Per cent recovery 
pM pM 

Cytidyliec acid ({a], = +18°) 

Disodium uridylate = +19°) 

14.8 99 


The values for the pyrimidine nucleoside are corrected for 3.5 per cent deamina- 
tion of cytidylic acid. 


of the order of one-half those obtained in similar experiments with ribose, 
in which the acid-treated solution was analyzed directly as well as after 
filtration through the resin. They amount to about 1 per cent of the 
absorption of an equimolar pyrimidine nucleoside solution. It seems 
likely that the ultraviolet absorption produced from the combined ribose 
present in nucleic acid would be even less. In any event, it would appear 
that the ribose interference is of such small magnitude that its effect can 
be neglected. 

Analysis of Mixture of Purines and Pyrimidine Nucleotides—The follow- 
ing experiment was performed to determine the accuracy with which the 
methods described could be applied to mixtures containing all of the four 
nitrogenous components. A solution containing 17.0 um of adenine, 17.1 
uM of guanine, 15.1 wm of cytidylic acid (fa], = +18°) and 14.9 um of 
disodium uridylate in 10 ml. N sulfuric acid was heated at 100° for 1 
hour to approximate the decomposition reactions involved in the similar 


| 
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hydrolysis of nucleic acid. The purine fraction was obtained by precipi- 
tation with 1 ml. of 20 per cent silver nitrate and extraction of the silver 
purines with 0.1 Nn HCl as mentioned above. The pyrimidine nucleotide 
fraction was diluted to 50 ml. and 5 ml. aliquots treated with 2 mg. of 
phosphatase, producing the nucleosides. Some of the resulting solutions 
were used for direct optical density determinations and others were filterd 
through a Dowex | (bicarbonate) column prior to similar measurements of 
optical density. The concentrations of the purines and the pyrimidine 
nucleosides were calculated from the optical densities of the corresponding 
fractions as previously described. The results of these determinatians are 
recorded in Table V. The pyrimidine nucleoside values have been cor- 
rected for 3.5 per cent deamination of cytidylic acid to uridylic acid during 
acid hydrolysis. The recoveries were excellent in all cases, ranging from 
98 to 101 per cent. The pyrimidine values determined directly and after 
filtration through the Dowex column are in agreement with the removal 
of a small amount of purines from the pyrimidine fraction by the ion ex- 
change resin. A similar experiment, in which ribose was present together 
with the nitrogenous components, also gave results approximating 100 
per cent recovery in each case. 


The present procedures for the analysis of mixtures of purines and py- 
rimidine nucleotides as found in nucleic acid hydrolysates have a consider- 
able advantage in precision and accuracy over the various paper chromato- 
graphic methods which have recently been presented for the analysis of 
ribonucleic acid. These methods fall into three categories involving frac- 
tionation either of mixtures of (a) purine and pyrimidine bases (12, 13), 
(b) purine bases and pyrimidine nucleotides (14), and (c) purine and py- 
rimidine nucleotides (15). As the conversion of the combined purines 
of ribonucleic acid to adenine and guanine is readily accomplished, the 
difficulties in the use of the first method are concerned with the conversion 
of the pyrimidine components to uracil and cytosine. The procedures 
with concentrated formic acid at 175° for this purpose gave poor recoveries 
of cytosine from crystalline cytidylic acid and when applied to ribonucleic 
acid gave values evidently too low for the pyrimidines (12). More re- 
cently 12 n perchloric acid has been used for the hydrolysis to purine and 
pyrimidine bases, and relatively good recoveries of crystalline samples of 
the free bases as well as of nucleic acid nitrogen reported (13). The data 
given, however, indicate relatively wide variations from 100 per cent in 
individual analyses and show the need of a relatively large number of 
analyses to achieve high accuracy. 

In the hydrolysis to a mixture of purine bases and pyrimidine nucleo- 
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tides by 1 N acid with subsequent paper chromatographic fractionation 
of both types of components, the question arises whether or not significant 
deamination of adenine and guanine occurs under these conditions. If 
significant conversion to hypoxanthine and xanthine takes place, these 
purine components might be lost completely in areas that were not eluted 
or might contribute to one of the other components, depending on the 
solvent system employed for chromatography. The recent isotope dilu- 
tion experiments of Abrams indicate that about 8 per cent deamination of 
adenine and guanine under acid hydrolytic conditions does occur (16). 
Fractionation of the pyrimidine nucleotides by paper chromatography is 
subject to even greater criticism in that the small amounts of pyrimidine 
nucleosides formed during acid hydrolysis are probably lost by migration 
to undetermined areas different from those of the pyrimidine nucleotides. 
There is also no assurance that each pair of isomeric nucleotides present 
in such hydrolysates will be found in one area. Data reported by Carter 
indicate that in the case of adenylic acids a and b appreciable differences 
in Ry, values do occur (17). The third paper chromatographic method 
mentioned, fractionation of the mixed purine and pyrimidine nucleotides, 
is even more subject to the latter criticism. The possible loss of one of 
the adenylic acid isomers may account for the consistent low recoveries 
of adenylic acid as found by Magasanik et al. (15) as well as the consistent 
high recovery of one of the other nucleotide constituents. 

In a large number of control experiments with crystalline ribonucleic 
acid components, we have found that practically all recoveries fall in the 
range of 99 + 2 per cent of the amounts of each substance used. We have 
further shown that heating in 1 n sulfuric acid for 1 hour at 100° has no 
appreciable effect on the recovery of each component, with the exception 
that a small reproducible deamination of cytidylic acid to uridylic acid 
occurred. In the light of the experiments of Abrams, it appears that the 
small amounts of hypoxanthine and xanthine formed during acid hydroly- 
sis were precipitated by silver and contributed to the ultraviolet absorp- 
tion of the purine fraction. The recovery experiments with adenine and 
guanine after acid treatment indicate that such amounts of the oxypurines 
do not significantly affect the recovery of either purine base. 

The present spectrophotometric method of analysis is similar to that 
presented by Kerr, Seraidarian, and Wargon (3). More accurate molar 
extinction coefficients for adenine and guanine and the use of two sets of 
wave-length pairs have given recoveries of these compounds significantly 
better than those found by Kerr ef al. These authors proposed the analy- 
sis of the pyrimidine nucleotide fraction by direct optical density measure- 
ments. A disadvantage of this procedure is the presence in this fraction 
of a mixture of isomeric nucleotides as well as small amounts of the py- 
rimidine nucleosides with somewhat different ultraviolet absorption prop- 
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erties. In addition, as this is a mother liquor fraction, it may contain 
ultraviolet-absorbing impurities from the original nucleic acid or tissue 
sample and small amounts of purines corresponding to the solubility of the 
silver salts. The method as now given has overcome the problem of the 
isomeric nucleotides by their dephosphorylation to cytidine and uridine. 
Filtration of the resulting pyrimidine nucleoside solution through Dowex 1 
(bicarbonate) has been shown to remove effectively such contaminants as 
amino acids and residual amounts of purine. While ultraviolet-absorbing 
degradation products of ribose occur in the pyrimidine fraction, the error 
introduced by this factor is of small magnitude. 


SUMMARY 


A spectrophotometric procedure for the analysis of the purine and py- 
rimidine components of ribonucleic acid is presented. 

The method involves the separation of the purines after acid hydrolysis 
as insoluble silver salts and conversion of the pyrimidine nucleotides to 
cytidine and uridine with prostatic acid phosphatase. Various contami- 
nating materials are removed from the nucleoside fraction by filtration 
through Dowex 1 (bicarbonate). 

Numerous experiments are given, demonstrating that, under the hydro- 
lytic and analytical conditions employed, each nitrogenous constituent 
may be recovered with an accuracy of 99 + 2 per cent provided that a 
small correction is made for the deamination of cytidylic acid. 
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Various chromatographic, spectrophotometric, and ion exchange pro- 
cedures have been used recently with somewhat varying results for the 
analysis of yeast ribonucleic acid for its constituent purine and pyrimidine 
components (1-5). The reasons for the variations may be due in part to 
differences in the samples analyzed and in part to deficiencies in the meth- 
ods used. Some of these deficiencies have been discussed in the preceding 
publication (6), in which certain improvements in the spectrophotometric 
procedures for the determination of the purine and pyrimidine components 
are described. The present paper is concerned with the results found 
when the latter method of analysis was applied to a commercial sample of 
yeast sodium ribonucleate, to a carefully prepared sample of ribonucleic 
acid from bakers’ yeast, and to a commercial sample of the free acid. 


EXPERIMENTAL 


The commercial samples were purchased from the Schwarz Laboratories 
and consisted of the sodium salt (SN-4602) and the free acid (HN-4625). 
The sample from bakers’ yeast was prepared by the method of Johnson 
and Harkins (7); the period of alkaline extraction at 0° was shortened to 
30 minutes and the nucleic acid precipitated at about pH 3, without the 
use of alcohol. In this way less degradation by alkali occurred and 
contamination with non-nucleic acid carbohydrate components was largely 

The nucleic acid samples were hydrolyzed and the hydrolysates treated 
by the procedures mentioned in the preceding paper for the analysis of 
mixtures of the purine bases and pyrimidine nucleotides (6). A 150 mg. 
sample in about 30 ml. of 1 N sulfuric acid in a test-tube capped with a 
small beaker was heated for 1 hour in a boiling water bath. The solution 
was filtered through a sintered glass funnel to remove a few particles of 
material presumed to be coagulated protein and the filtrate and several 
washings were diluted to 50 ml. in a volumetric flask. Aliquots were 
analyzed directly for total nitrogen by the micro-Kjeldahl method of Ma 
and Zuazaga (8), and, after suitable dilution for total phosphorus, by a 
modified Fiske-Subbarow procedure (9). 
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For the determination of purine and pyrimidine content, 10 ml. aliquots 
of the hydrolysate, in triplicate, were placed in 15 ml. centrifuge tubes. 
The following procedures were carried out in an identical manner on each 
of these aliquots as well as on a 10 ml. sample of 1 N H.SO,, which provided 
a reagent blank for all subsequent optical density measurements. The 
pH of the solution was brought to about 1.0 by the addition of 11 Nn KOH, 
and, after warming to 90°, 1 ml. of a 20 per cent AgNO; solution was 
added to precipitate the adenine and guanine as silver salts. The suspen- 
sion, after standing overnight in the refrigerator, was centrifuged in the 
cold to pack the precipitate of the silver-purines and a small amount of 
AgSO,. The precipitate was washed four times in the centrifuge tube 
with 3 ml. portions of ice-cold 0.1 N H:SO,. The original supernatant 
solution and the washings were filtered through a sintered glass funnel to 
remove stray particles of the flocculent silver-purines and set aside for 
analysis of the pyrimidine components. 

The silver-purine precipitate was subjected to four successive treat- 
ments with 10 ml. portions of 0.1 n HCl to extract the free purine bases. 
In each case the suspension of silver salts in the acid was heated in a boil- 
ing water bath for 5 minutes with occasional stirring and then allowed to 
cool for 10 minutes. The solids were sedimented by centrifugation and 
the supernatant liquid was poured onto the funnel used in the separation 
of the purine and pyrimidine fractions. The acid solution was allowed to 
remain in the funnel for several minutes in contact with a few particles of 
silver-purine retained in the previous step before suction was applied. 
The combined filtrates from this procedure, constituting the purine frac- 
tion, were diluted to 50 ml. with 0.1 n HCl. 

Two 2 ml. aliquots of the purine solution were removed for the deter- 
mination of guanine by the method of Hitchings (10) and two 10 ml. 
aliquots were taken for micro-Kjeldahl nitrogen analyses. Another 10 
ml. aliquot was diluted to 100 ml. with 0.1 Nn HCl and its optical density 
determined at 240, 252, 262, 276, and 280 mu. The adenine, guanine, 
and total purine concentrations were calculated from the optical densities 
as previously described (6). 

The pyrimidine fraction was warmed to about 70°, 3 ml. of n HCl 
added, and the AgCl precipitate allowed to coagulate and removed by 
filtration. The precipitate was washed three times by suspension in 5 
ml. portions of 0.1 n HCl. The combined filtrates were diluted to about 
45 ml., the pH of the solution was adjusted to 4.7 with NaOH (pH meter), 
and the volume brought to 50 ml. Two 5 ml. aliquots were treated with 
1 ml. of a filtered phosphatase solution containing 1 mg. of enzyme (11) 
and the resulting solutions were incubated at 38° for 3 hours to bring 
about dephosphorylation of the pyrimidine nucleotides. One aliquot, 
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diluted to 100 ml. with 0.1 N HCl, was used for optical density measure- 
ments at 260, 267, 278, and 295 mu. Cytidine, uridine, and total pyrimi- 


Tasie I 
Composition of Yeast Ribonucleic Acids Expressed As Moles of Adenine, Guanine, 
Cytidine, and Uridine per Mole of Phosphorus 


(yeast) | (bakers’ yeast) | id (yeast) 
(1) (2) (3) 
Adenine 280-262 my 0.249 0.248 0.256 
262-240 “ 0.251 0.249 0.260 
Guanine 280- “ 0.270 0.272 0.278 
262- oe 0.268 0.271 0.266 
Colorimetric (10) 0.270 0.267 0.266 
Total purine 252 my 0.516 0.518 0.529 
276 “ 0.516 0.517 0.531 
280-262 my 0.519 0.520 0.534 
262-240 “ 0.519 0.520 0.526 
Silver-purine N 0.520 0.516 0.529 
Cytidine* 260-278 my 0.214 0.222 0.195 
295 my 0.212 0.227 0.203 
Uridine* 260-278 my 0.254 0.245 0.244 
Total pyrimidine nu- | 267 mg 0.463 0.468 0.440 
cleoside* 260-278 my 0.468 0.467 0.439 
Cytidinet 260-278 ‘‘ 0.209 0.212 0.195 
295 my 0.204 0.211 0.193 
Uridinet 260-278 my 0.240 0.236 0.228 
Total pyrimidine nu- 267 my 0.449 0.448 0.426 
cleosidet 260-278 my 0.449 0.448 0.423 
P accounted for, %...............ccecceees 97 97 95 


The percentage nitrogen and phosphorus content respectively was as follows: 
Column 1, 12.9 and 7.65; Column 2, 14.5 and 8.45; Column 3, 14.7 and 8.45. The 
recoveries of optical density of the hydrolysates at 260 mg from Columns 1 and 2 
were 98 and 99 per cent respectively. 

* “Direct” values. 

t “Column” values. 


dine concentrations were evaluated as previously described and corrected 
for 3.5 per cent deamination of cytidylic acid. The values obtained in 
this way are referred to subsequently as “direct” values. A second aliquot 
was adjusted to pH 8.3 with NaOH, the solution filtered through a Dowex 
1 (bicarbonate) column (2 cm. X 3 sq. cm.), and the resin washed with 
about 70 ml. of 2 per cent NaHCO;. The pH of the combined effluent 
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was carefully adjusted to 1.0 with H:SO, and the volume to 100 ml. Opti- 
cal density measurements were made and the concentrations of cytidine, 
uridine, and total pyrimidine nucleoside calculated as previously described. 
The resulting values are referred to subsequently as “column”’ values. 

The results for the three aliquots of each nucleic acid hydrolysate were 
averaged for each method of analysis and are summarized in Table I as 
moles of adenine, guanine, total purine, cytidine, uridine, and total py- 
rimidine nucleoside per mole of nucleic acid phosphorus. The values for 
each aliquot of a particular hydrolysate agreed with the average value in 
every case to within +1 per cent. Excellent agreement was found for the 
purines determined by each method of analysis used; namely, each wave- 
length pair, each intersection point, guanine determined colorimetrically, 
and total purine nitrogen. Similarly the “direct” values for total pyrimi- 
dine nucleoside at the intersection wave-length agreed with those expected 
from the sums of the cytidine and uridine analyses. The results for total 
pyrimidine nucleoside after passage through the column, however, were 
consistently about 4 per cent lower than those obtained directly and could 
be accounted for chiefly in lower values of uridine. These apparently 
are explained by the elimination of the small amounts of impurities in the 
nucleic acid samples and of the purines representing the solubilities of 
silver-adenine and silver-guanine. Because of the higher absorption of 
the purines at 260 my than at 278 my, it would be expected that their 
removal would chiefly affect the uridine values. As the control experi- 
ments with pyrimidine nucleotides after phosphatase treatment (6) showed 
no such decrease after filtration through Dowex 1 (bicarbonate), the “col- 
umn” values are considered more nearly correct. 

Analysis of Small Samples of Nucleic Acid—The amount of nucleic acid 
used in the procedure described (30 mg.) was considerably larger than that 
required for the spectrophotometric analyses alone. Analyses of the 
bakers’ yeast nucleic acid were carried out with aliquots of hydrolysate 
containing approximately 2 mg. of nucleic acid by decreasing the volumes 
proportionately throughout. Duplicate analyses agreed within 1 per cent, 
as with the larger aliquots, and the average amounts of adenine, guanine, 
cytidine, and uridine found per mole of phosphorus were 0.257, 0.288, 
0.211, and 0.237 moles, respectively, in good agreement with the values 
for the larger aliquots given in Table I. The recoveries of nitrogen and 
phosphorus in these analyses were 98 and 99 per cent respectively. 


DISCUSSION 


The present analytical data show that from 97 to 99 per cent of the 
nitrogen of commercial sodium ribonucleate or of a carefully prepared 
ribonucleic acid sample could be accounted for in terms of known purine 
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and pyrimidine components by the spectrophotometric methods employed. 
Similarly, as recorded in Table I, it may be seen that about 98 per cent of 
the optical density of the hydrolysate was accounted for on the basis of 
the optical densities of the purine bases and of the pyrimidine nucleotides 
calculated from the nucleoside values. These results together with the 
nitrogen recovery indicate that no appreciable amounts of nitrogenous 
impurities were present in the samples mentioned. Similar almost com- 


II 
Purine and Pyrimidine Components of Yeast Ribonucleic Acid Found by Various 
Investigators 
Moles per mole P | Nac- | 
hydrolysis Vjenine | Guanine |Cytidine| Uridine | | for No. 
C. N. A. Acid 0.275 | 0.334 | 0.212 | 0.248 | 107 98 (3) 
- Alkaline | 0.280 | 0.290 | 0.178 | 0.203 | 95.1 | 89.4 | (12) 
ration 1 Acid 0.288 | 0.258 | 0.165 | 0.195 | 90.6 | 86.0 | (12) 
C.N.A., Prepa- | Alkaline | 0.254 | 0.265 | 0.199 | 0.177 | 89.5 | 88.5 | (12) 
ration 2 
Preparation 3, “ 0.262 | 0.248 | 0.214 | 0.203 | 92.7 | 93.6 | (12) 
bakers’ yeast “ 0.255 | 0.246 | 0.202 | 0.232 | 93.5 | 92.2 | (12) 
| Acid 0.283 | 0.233 | 0.211 | 0.246 | 97.3 | 96.8 | (12) 
Preparation 4, | Alkaline | 0.242 | 0.230 | 0.183 0.235 | 89.0 | 88.5 | (12) 
bakers’ yeast ns 0.234 | 0.232 | 0.175 | 0.241 | 88.2 | 87.4 | (12) 
C.N. A. Acid 0.25 | 0.29 | 0.18 | 0.19 91 95 (5) 
Sodium nucleate | “ 0.250 | 0.269 | 0.209 | 0.240 | 97 99 | Table I 
Nucleic acid, - 0.249 | 0.272 | 0.212 | 0.236 | 97 97 el: 
bakers’ yeast 
C.N.A. as 0.258 | 0.272 | 0.195 | 0.228 95 | 95 = 3 


* The original publications should be consulted for complete descriptions of the 
samples, the methods of purification, and the methods of hydrolysis used. The 
cytidine values after acid hydrolysis, with the exception of those now reported, 
have not been corrected for deamination. C.N.A. = commercial ribonucleic acid. 
The preparation numbers given are the same as those of the original publication (12). 


plete recoveries of the nitrogen of other yeast ribonucleic acid samples 
have been reported by Smith and Markham (3) and by Marshak and 
Vogel (5). These results as well as those of Chargaff et al. (12) are sum- 
marized in Table II in comparison with our own. In relation to phos- 
phate content the results, in general, show that purine and pyrimidine 
bases occur in very nearly equimolar quantities with phosphorus. These 
data confirm the general opinion that ribonucleic acids are essentially 
polynucleotides with no appreciable excess of either purine and pyrimidine 
or of phosphate. It is apparent, however, that the accuracy of either the 
present analyses or of those mentioned would not preclude the presence 
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of a small excess, 1.e. 1 to 2 per cent, of either nitrogenous base or of phos- 
phate. 

A comparison of the adenine, guanine, cytidine, and uridine values for 
the various yeast ribonucleic acid samples summarized in Table IT reveals 
differences which appear to be significant. Because of the low nitrogen 
recovery in some cases and the variation in the analyses, depending on 
the hydrolytic procedure used (12), as well as the questionable precision 
of the paper chromatographic techniques, the significance of the differ- 
ences must be interpreted with some caution. The most striking differ- 
ences in composition occur in the guanine content of certain samples 
relative to adenine as shown by the results of Smith and Markham (3), 
guanine to adenine, 1.21, and of Marshak and Vogel (5), 1.16, as com- 
pared with those of Chargaff et al. (12), 0.96 to 1.12, and our own, 1.06 to 
1.09. Of interest is the fact that the first sample mentioned was subjected 
to extensive purification and dialysis treatments, which of themselves 
probably produce chemical changes in the ribonucleic acid samples. In 
other work' we have found that a significant amount of acid groups is 
liberated from yeast ribonucleic acid when neutral solutions are allowed 
to stand at room temperature. The same type of acid liberation would 
be expected to accompany long dialysis, and, as reported by Loring, Car- 
penter, and Roll (13), a significant increase in guanine to adenine ratio 
occurs under these conditions. 

In the present investigation the pyrimidine values for the commercial 
sample of free ribonucleic acid were significantly lower than the corre- 
sponding values for ribonucleic acid prepared from bakers’ yeast in our 
laboratory or for the sample of sodium nucleate (Tables I and II). Of 
interest, however, was the fact that the latter two samples were identical 
in purine and pyrimidine composition. As the commercial sodium ribo- 
nucleate is prepared from the free acid by treatment with alcohol in neu- 
tral solution,” it appears that sufficient fractionation had occurred to give 
a product more nearly resembling the free acid obtained directly by us 
from bakers’ yeast. The same conclusion, that some commercial samples 
of yeast ribonucleic acid may have a lower pyrimidine content than those 
prepared from bakers’ yeast, was tentatively reached by Chargaff et al. 
(12). 

The above results indicate that considerable variation occurs in the 
composition of samples of yeast ribonucleic acid, depending on the pro- 
cedures employed during their preparation and purification. The analyt- 
ical data found by Chargaff et al. (12) for two samples prepared from 
bakers’ yeast indicate that such differences may be found even for ribo- 


1 Loring, H. 8., and Rinfret, A. P., unpublished data. 
2 Personal communication from Dr. L. Laufer, Schwarz and Company. 
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nucleic acids prepared from the same kind of yeast. It may be seen from 
the analytical data for the two samples, Preparations 3 and 4, Table II, 
that differences which are probably significant were found, particularly 
for the cytidylic acid contents. Two explanations suggest themselves 
for these differences. The first involves the occurrence of slightly differ- 
ent ribonucleic acids in the different particulate components of yeast cells 
and the second the partial enzymic or chemical degradation of the samples 
during their preparation. Evidence has been obtained in this laboratory*® 
that the large granule, small granule, and supernatant ribonucleic acid 
fractions of beef pancreas differ in their chemical composition (14). As 
the preparative procedures are by no means quantitative, it is clear that 
any variation in the method of preparation might result in fractionation 
of the different ribonucleic acids and in varying degrees of recovery of the 
original components. If partial enzymic or chemical degradation has 
occurred during the preparation of the samples, the degree of inhomo- 
geneity is obviously increased, with resulting variations in the samples 
isolated. 

It appears from the foregoing discussion that differences in the com- 
position of yeast ribonucleic acid may well be expected whenever an at- 
tempt is made to prepare the ribonucleic acid in free form. A _ better 
characterization of the composition of a particular ribonucleic acid would 
seem to lie in the direct analysis of the purified nucleoprotein or of the 
particulate component containing the nucleic acid. Such studies on yeast 
and beef pancreas will be presented in a forthcoming paper. 


SUMMARY 


The analysis for the purine and pyrimidine components of commercial 
sodium ribonucleate, commercial ribonucleic acid, and of a carefully pre- 
pared sample of ribonucleic acid from bakers’ yeast is described. 

The results show that from 97 to 99 per cent of the nitrogen and phos- 
phorus of sodium ribonucleate and bakers’ yeast ribonucleic acid can be 
accounted for in terms of known purine and pyrimidine components. 

The present data are discussed in relation to previous relatively com- 
plete analyses of yeast ribonucleic acid. It is pointed out that differences 
in composition are to be expected when attempts are made to prepare pure 
ribonucleic acid in free form. 
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SYNTHESIS OF XANTHINE OXIDASE BY RAT LIVER SLICES 
IN VITRO 


Br S. B. DHUNGAT anp A. SREENIVASAN 


(From the Department of Chemical Technology, University of Bombay, Bombay, India) 
(Received for publication, January 15, 1952) 

The influence of dietary protein on the activity of rat liver xanthine 
oxidase has been studied by several workers (1-5) and would point to a 
relationship between the availability of amino acids and the activity of 
liver xanthine oxidase (2). It has been demonstrated that the loss of liver 
xanthine oxidase activity in the rat greatly exceeds the loss of liver protein 
during acute inanition (1), revealing thereby the labile nature of this 
enzyme. This apparent functional lability of rat liver xanthine oxidase 
is further indicated in the results reported by Litwack et al. (5) and would 
suggest that the enzyme is capable of easy synthesis under favorable 
conditions. In accordance with the view of the participation of enzymes 
in the actively metabolizing pool of proteins, Anfinsen (6) isolated radio- 
active crystalline ribonuclease from bovine pancreas slices that had been 
incubated with C“O;,. Very recently, Hokin (7) has reported on the syn- 
thesis in vitro of amylase in amylase-depleted pigeon pancreas slices by 
incubating the slices in media containing the essential amino acids. As 
far as is known, these are the only instances in which synthesis of an 
enzyme in vitro has been established. It was thought that a demonstrable 
increase in xanthine oxidase activity might result upon incubation of liver 
slices from protein-depleted rats in media containing essential nutrients; 
the stimulus to recovery of liver substance should be expected to be more 
potent the more severe its reduction (8, 9). 

A prerequisite to this study was an accurate method for following 
xanthine oxidase activity. The manometric method of Axelrod and Elve- 
hjem (10) presented difficulty owing to the high endogenous respiration 
as well as to inhibition of endogenous respiration by added xanthine. How- 
ever, preliminary incubation for 40 minutes or dialysis at 0° for 18 hours 
could, as suggested by the authors, remove endogenous purine substrates 
without impairment of xanthine oxidase activity. Precipitation of the 
enzyme (11) to free it from endogenous substrates was not always satis- 
factory. The procedure of Dixon and Thurlow (12), in which anaerobic 
reduction of nitrate by xanthine oxidase is employed, was found to be 
non-specific. The coupling of the oxidation of xanthine to uric acid with 
the reduction of oxidized cytochrome c has been made the basis of a method 
for measuring xanthine oxidase activity through spectrophotometric study 
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of the rate of reduction of cytochrome c (13). This was satisfactory but 
did not offer any special advantage over the manometric procedure, which 
was therefore employed in the studies reported here. 

An increase in xanthine oxidase activity has been observed when liver 
slices from protein-depleted animals are incubated in inactivated horse 
serum containing glucose. This increase is pronounced in serum which 
contains added methionine, glycine, riboflavin, and bicarbonate. The pos- 
sible importance of methionine for xanthine oxidase activity has been 
reported (2, 5). The incorporation of formate and of bicarbonate into 
purines has been shown both in vitro (14) and in vivo (15, 16). Riboflavin 
addition may presumably aid in the synthesis of the flavin-adenine dinu- 
cleotide (FAD) moiety of xanthine oxidase. 

That the increase in xanthine oxidase activity represented a true syn- 
thesis of the enzyme and not an activation was established by concomitant 
estimations of FAD, adenine, and protein nitrogen in slices incubated in 
supplemented serum. Unincubated slices removed from serum at zero 
time and slices incubated in physiological saline containing 0.2 per cent 
(weight by volume) glucose served as controls. Residual glycine in the 
medium was determined and its disappearance was calculated. 

There was no increase in either uricase or D-amino acid oxidase activity 
as a result of incubation of slices in serum. 


EXPERIMENTAL 


Adult albino rats (inbred Wistar strain) were depleted of liver xanthine 
oxidase activity by initial fasting for 2 days, followed by feeding a nitrogen- 
free ration for 10 to 15 days. This diet was made up of (percentages) 
starch 75, sucrose 10, sesame oil 8, shark liver oil 2, and salt mixture 
(U. S. P. No. 2) 5, with the following vitamin additions (in mg. per kilo 
of diet) : thiamine hydrochloride 2, pyridoxine hydrochloride 2, riboflavin 6, 
calcium pantothenate 10, nicotinic acid 20, inositol 200, a-tocopherol 
(Roche) 25, vitamin K (menadione) 5, choline chloride 500, folic acid 
(Lederle) 0.4, and vitamin By (Merck) 0.15. Animals when needed were 
sacrificed by decapitation and the livers were carefully removed and chilled 
in cracked ice. Slices, approximately 0.5 mm. thick, were prepared with 
the slicer of Stadie and Riggs (17) and transferred immediately to chilled 
and oxygenated physiological saline. A suitable number of slices were 
then incubated in the experimental media. Not more than 15 to 20 
minutes elapsed from the time of killing until the flasks were ready for 
incubation; this was for 3 hours at 37°. 

The following media were used. 

Medium 1—Physiological saline containing 0.2 per cent (weight by vol- 
ume) glucose, saturated with oxygen. 
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Medium 2—Horse serum,' inactivated by heating at 55° for 2 hours to 
destroy serum enzymes, containing 0.2 per cent (weight by volume final 
concentration) glucose and saturated with oxygen. 

Medium 3—Medium 2 plus the following supplements: glycine 20 mg. 
per 100 ml., pL-methionine 20 mg. per 100 ml., riboflavin 250 7 per 100 
ml., and sodium bicarbonate 10 mg. per 100 ml. The medium was satu- 
rated with oxygen. 

Medium 4—Medium 1 plus the following additions: riboflavin 250 y per 
100 ml., adenine 100 y per 100 ml., and potassium dihydrogen phosphate 10 
y per 100 ml. The medium was saturated with oxygen. 

Medium 5—Medium 1 plus the following additions: riboflavin 250 y+ 
per 100 ml., glycine 20 mg. per 100 ml., pL-methionine 20 mg. per 100 ml., 
potassium dihydrogen phosphate 10 mg. per 100 ml., and sodium bicar- 
bonate 10 mg. per 100 ml. The medium was saturated with oxygen. 

Horse serum contained 0.625 y per ml. of folic acid assayed according 
to Sreenivasan ef al. (18). 

Treatment of Slices and Media after Incubation—Immediately after in- 
cubation the flasks were returned to a tray of ice. The slices were removed 
from the vessel. After adhering medium had been drained off, they were 
washed twice with chilled phosphate buffer of pH 7.4. The collected wash- 
ings were returned to the medium. The washed slices were homogenized 
in a chilled glass homogenizer with 5 volumes of 0.01 m phosphate buffer. 
Suitable portions of this homogenate were used for measurement of enzyme 
activities and for estimations of adenine, riboflavin, flavin mononucleotide 
(FMN), FAD, and protein nitrogen. The medium with the washings was 
made to a convenient volume and saved for glycine determination. 

Xanthine Oxidase Activity—Liver xanthine oxidase activity was deter- 
mined by the method of Axelrod and Elvehjem (10) from the amount of 
oxygen consumed in a specified period in the Warburg manometric appara- 
tus at 37° with xanthine as substrate and with air as the gas phase. Each 
reaction vessel had in the main chamber 1 ml. of phosphate buffer (0.01 m), 
pH 7.4, and 1 ml. of homogenate which contained from 20 to 25 mg. of 
dry weight liver. In the side arm was placed the substrate sodium xanthate 
equivalent to 100 y of xanthine in 1 ml. of the buffer. The center well 
contained 0.2 ml. of 10 per cent KOH, making the total fluid volume 3.2 ml. 

Interference due to endogenous purine substrates could be largely mini- 
mized either by preliminary dialysis of the homogenate overnight at 0° 
or by incubation of the flasks in the manometric bath for 40 minutes. 
The latter procedure was the one generally adopted in these studies. At 
the end of this period xanthine was tipped in, the stop-cocks closed, and 

1 Our thanks are due to Dr. A. K. Hazra and Dr. P. M. Wagle of the Haffkine In- 
stitute, Bombay, for supplies of horse serum. 
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readings taken at 20 minute intervals for a period of 120 minutes. In 
every experiment corrections were made for the endogenous respiration, 
i.e. oxygen consumption in the absence of added xanthine, so as to obtain 
the true rate of xanthine oxidation. 

Uricase Activity—This was followed manometrically by essentially the 
same procedure as for xanthine oxidase. The side arm contained 100 + 
of uric acid as sodium urate in | ml. of buffer; this was tipped into the main 
compartment after an initial 10 minute equilibration. Readings were 
taken at 20 minute intervals for 60 minutes. | 

p-Amino Acid Oxidase Activity—The procedure was the same as above 
except that pyrophosphate buffer of pH 8.6 was employed (19) and 1 ml. 
of 0.06 m pi-alanine was used as substrate in the side arm. Readings for 
oxygen uptake were taken every 20 minutes for 120 minutes after 10 
minutes equilibration. 

Adenine—The purines were fractionated from the liver homogenate by 
the method of Sutton ef al. (16). Adenine was estimated in the purine 
solution by the method of Glazko and Wolf (20). This makes use of the 
fact that the reduction product of adenine when diazotized and coupled 
with the Bratton-Marshall reagent (21) forms a colored compound with 
absorption maximum at 505 my. With pure solutions of adenine hydro- 
chloride subjected to the foregoing procedure, it was ascertained that the 
optical density was proportional to the concentration of adenine. With 
liver homogenate, recovery of added adenine was 90 to 95 per cent. A 
Coleman model 14 spectrophotometer was employed for the color measure- 
ments. | 

Riboflavin, FMN, and FAD—The flavin compounds were extracted from 
the liver homogenate with 5 per cent trichloroacetic acid at 0—5° for 15 
minutes and determined by the differential procedure of Burch et al. (22), 
except that slightly larger volumes were used; fluorescence was measured 
in a Klett photofluorimeter. 

Glycine was determined in the medium by the method of Alexander et al. 
(23). Colorimetric measurements were carried out in the Klett-Summer- 
son photoelectric colorimeter with Filter 540. 

Protein nitrogen was determined on 5 per cent trichloroacetic acid pre- 
cipitate by a micro-Kjeldahl method (24). 

The number of cells per gm. of liver was estimated by the method de- 
scribed by Price ef al. (25). In this procedure, 0.002 per cent methyl green 
in 3 per cent acetic acid solution was used to stain specifically the desoxy- 
ribonucleic acid of the cell nuclei. 

Desoxyribonucleic acid (DNA)—The nucleic acids were extracted by 
Schneider’s procedure (26) and DNA was determined by the diphenyl- 
amine reaction (27) in suitable aliquots of the above extract. 
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Results 
Feeding rats on the nitrogen-free diet greatly diminished liver xanthine 
oxidase activity. Thus, while the values for the normal stock rats were 
480 to 525 ul. of O: per gm. of dry weight during 120 minutes, those for 


Tasie I 
Effect of Aerobic Incubation of Liver Slices on Xanthine Oxidase Activity 
Xanthine oxidase activity, wl. O: per gm. dry liver per 2 hrs. 
Rat No. 
83 227 324 350 220 
87 224 288 311 
93 235 254 216 
100H 2386 358 
101H 0 | 200 0 
102H 255 | 323 
II 
Xanthine Oxidase Activity Based on Liver Nitrogen and Cell Nuclei 
Xanthine oxidase activity, wl. Os per 2 hrs. 
Experiment No. Medium No. 
Dry liver Liver N Liver nuclei 
per gm. per gm. per 10° 
1 | 324 3139 388 
3 433 4163 538 
2 1 262 2240 256 
3 300 2777 292 
3 | 258 2411 290 
3 400 3670 446 
4 1 313 2989 340 
3 420 3962 456 


animals on the protein-free diet for 10 to 15 days ranged from 224 to 324 
ul. Occasionally complete absence of activity was observed. 
Incubation of slices in serum increased xanthine oxidase activity, which 
was further increased if the serum was supplemented with glycine, methio- 
nine, riboflavin, and bicarbonate (Table I). Activity has also been ex- 
pressed (Table II) as microliters of oxygen uptake per 2 hours per gm. 
of dry liver, per gm. of liver nitrogen, and per 10° liver cell nuclei (ef. 
(28)). This offers a means of calculating enzyme activity on a per cell 
basis and for comparison of activity with changes in liver nitrogen. 


n 
1 
‘ 
i 
— 


836 SYNTHESIS OF XANTHINE OXIDASE 


That the synthesis of xanthine oxidase on incubation of liver slices with 
supplemented serum is associated with an expected increase in FAD could 
be seen from the results of typical determinations presented in Table IIL. 
Estimations were carried out in slices incubated in saline (Medium 1), 
which served as control and in slices incubated in Medium 3. The rather 


TaBte III 
Riboflavin, FMN, and FAD Content of Liver Slices 
7 per gm. dry liver ne 
Experiment No.) Medium No. - increase 
Free riboflavin FMN FAD | ia FAD 
1 ‘ee 7 26 | 
3 12 27 31 19.2 
2 1 | 5 23 35 
7.6 28 43 = 
Taste IV 
Effect of Aerobic Incubation of Liver Slices on Xanthine Oxidase Activity and PAD 
Content 
Xanthine oxidase 7 per gm. dry liver 
Experiment No. Medium No. pl. Or per 
hrs. Free riboflavin | FMN FAD 
1 1 221 10.5 | 22.2 29.3 
3 466 10.6 | 25.5 / 33.9 
4 262 10.3 ! 24.3 30.0 
5 248 9.9 25.1 32.5 
2 | 318 8.2 16.6 32.8 
3 480 8.7 16.0 37.2 
4 289 8.6 18.4 | 37.6 
5 333 9.0 18.3 | 35.6 


high values for FMN may possibly be due to involvement of the Korn- 
berg enzyme system (29). 

Incubating liver slices with the components of the flavin moiety but 
without serum (Table IV) showed no increase in xanthine oxidase activity, 
while an expected increase in FAD content (cf. (29)) was observed. This 
demonstrates that the increase in xanthine oxidase activity in the presence 
of serum is due not merely to the synthesis of FAD but also involves the 
synthesis of the protein component of xanthine oxidase. 

The total synthesis of xanthine oxidase would also suggest synthesis in 
vitro of the purine base adenine and of protein nitrogen in the liver slices, 
which is demonstrated by the data set forth in Table V. The values for 
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protein synthesis should be taken hs net, allowing for proteolytic reactions 
in the slices; this might explain to some extent the proportionately higher 
synthesis of xanthine oxidase compared to total protein. Biosyntheses 
in vitro of serum albumin by chick liver slices (30) and of ovalbumin by 
oviduct minces from hens (31) have been demonstrated. 

As may be expected, the increase in xanthine oxidase activity per cell 
nucleus is greater than that per mg. of liver N, except with Experiment 2 
(Table II). Activity has been expressed here on total liver N and not on 
liver protein N. It may be observed that there is no significant increase 
in liver N during incubation. It would be of interest to ascertain the 
extent to which the trichloroacetic acid-soluble proteolytic fragments con- 
tribute to the increase in protein N under favorable conditions of incuba- 
tion, as in presence of serum of the liver slices. 

Determinations of uricase activity were considered necessary, since xan- 


TABLE V 
Adenine and Protein Nitrogen in Liver Slices 


| Adenine, me. | Protein N, mg. Per Protei N 
1.70 | | | «6.5 

1.81 6.6 0.2 | 127 | 7.8 
1.66 | 4.3 | «6.85 
| 8 | | | 


thine oxidation represents the summation of xanthine oxidase and uricase 
activities (10). Hence the measurement of the over-all oxidation rate 
of xanthine to allantoin would have given a false criterion of xanthine oxi- 
dase activity if uricase activity was the limiting factor. However, it was 
observed that the oxidation of sodium urate was always very rapid and 
in no case limited xanthine oxidation (cf. (10)). Uricase activities ranged 
from 222 to 228 ul. of O.. There was no significant change in uricase 
activity of slices as a result of incubation in serum with supplements 
(Medium 3). 

Data on p-amino acid oxidase activity also showed no change as a result 
of incubation for varying periods in different media. Thus, the values 
in one instance were 340, 355, and 350 yl. in Media 1, 2, and 3 respectively 
at the end of 3 hours incubation of liver slices from an animal deprived of 
protein for 10 days. It was observed, however, that the b-amino acid 
oxidase activity in protein-fasted animals was only 55 to 60 per cent that 
of animals on the stock diet. These data confirm the results of Seifter 
et al. (32) on the fall in p-amino acid oxidase activity during protein de- 


r ‘ 


838 SYNTHESIS OF XANTHINE OXIDASE 


pletion. Evidently this system is not°as labile as the xanthine oxidase 
system which, though it undergoes pronounced fall in activity on protein 
depletion, is also rapidly regenerated on protein refeeding (5). 

Data on glycine disappearance were not conclusive quantitatively on ac- 
count of the rather high blanks obtained with the chromotropic acid re- 
agent. Incubation of slices in Medium 3 decreased its glycine content on 
an average by 1.16 mg. per gm., dry weight, of the liver. Formate for- 
mation from the a-carbon of glycine and its incorporation into purines 
are well established (16); adenine synthesis in liver slices (Table V) and 
simultaneous disappearance of glycine from the medium are thus inter- 
related. 


Tasie VI 
Influence of Folic Acid on Xanthine Oxidase Synthesis in Vitro 

wl. Or per gm. dry 

Liver N, liver per Thr. 
No. [per cam. Too gm. | Liver (Xanthine 

body sm- | xanthine oxidase 

syn 

activity | im vitro 

FA-deficient 40 7,812 | 4.36 | 4.05 | 4.662 | 28.32 245 333 
42 6,562 4.37 3.70 | 6.368 | 28.98 266 400 

FA-supplemented 41 | 10,312 4.91 5.01 | 3.796 | 29.04 306 306 
43 | 10,312 6.05 4.63 4.300 | 31.10 213 266 


Influence of Folic Acid on Xanthine Oxidase Synthesis by Rat Liver Slices 

The foregoing experiments were carried out with liver slices from protein- 
depleted animals. The results of certain preliminary observations are 
reported in Tables VI and VII to show that deficiencies other than pro- 
tein deprivation also influence this synthesis. Specifically, these experi- 
ments related to the effect of dietary folic acid on the ability of rat liver 
slices to synthesize xanthine oxidase. 

In the first experiment (Table VI) adult rats were fed the purified folic 
acid-free ration of Fatterpaker ef al. (33) with supplementation of 0.15 
mg. per kilo of vitamin Bi. (Merck) and 0.5 per cent iodinated casein. 
The animals also received 0.04 mg. of L-thyroxine (Glaxo) subcutaneously 
once each week. In addition, 0.5 per cent nicotinamide was incorporated 
in the diet. This latter addition depletes the rat of its labile methyl 
reserve (34). Toxicity is reversed by folic acid (35), whose mediation in 
biological methylations is well known (33, 35). Folic acid deficiency was 
inferred at the end of 5 weeks from observations on a hemogram. The 
animals were then divided into two groups. One served as control and 
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the other received intraperitoneally 100 y per day of folic acid. These 
were sacrificed after a further 32 and 38 days for determination of xanthine 
oxidase synthesis by liver slices in vitro. Typical values are reported 
(Table VI) along with other data on liver xanthine oxidase activity (ob- 
tained on incubation in Medium 1), liver weight, and liver nitrogen, methi- 
onine (36), and choline (37) content, and leucocyte count. 

In the second experiment (Table VII) adult rats that had been fed the 
laboratory stock diet were used; this consisted of (percentages) wheat 
flour 59, casein 5, whole milk powder 4, peanut cake 13, yeast 4, wheat 
bran 4, dried fish meal 3, shark liver oil 2, sesame oil 2, and salt mixture 
(U.S. P. No.2) 4. Folic acid deficiency was induced by daily subcutaneous 
injections of 12.5 y of aminopterin (Lederle)? for 14 days. Some, of the 


Tasie VII 
Influence of Aminoplerin on Xanthine Oxidase Synthesis in Vitro 
| 
Group Rat No. = 
activity vilre 
Stock diet 20 10,937 | 3.906 750 711 
14 10,623 4.161 739 720 
“ “+ aminopterin 16 7,812 | 3.495 0 364 
18 8,062 | 3.717 212 546 


values observed for liver xanthine oxidase activity and for xanthine oxidase 
synthesis in vitro are given, along with those for control animals fed the 
stock diet (Table VII). 

The results clearly bring out the fact that the ability for xanthine oxidase 
synthesis in vitro is manifested only in the livers of the folic acid-deficient 
rats and not in the normal animals. Whether this could be attributed 
solely to the observed differences in methionine and choline contents, whose 
influence on xanthine oxidase activity has been shown (2, 5), cannot be 
stated at present. However, the results are in harmony with the observa- 
tions of earlier workers that the ability for liver regeneration is in pro- 
portion to its deviation from the normal; this of course may not be true if 
necrotic changes set in. Further work is in progress. 


* Obtained through the courtesy of Dr. T. H. Jukes and Dr. W. L. Williams of the 
Lederle Laboratories Division, American Cyanamid Company, Pearl River, New 
York. 
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DISCUSSION 
The increase in xanthine oxidase activity measured under the conditions 
of these experiments are paralleled by a net increase in enzyme protein, 
in adenine as well as FAD, and in glycine metabolism. Our results there- 
fore support the view that the increase in xanthine oxidase activity repre- 
sents a true synthesis of the enzyme per se and is not merely an activation. 
However, the optimum cultural conditions for maximum elaboration of 
this enzyme have not been completely worked out, nor has it been ascer- 
tained whether the aerobic oxidase or the anaerobic dehydrogenase of the 
xanthine oxidase system (38) is preferentially synthesized. Meanwhile, 
it would seem that the observations reported here would be of value in the 
demonstration, more directly than hitherto, of the influence of folic acid 
on xanthine oxidation, on which there have been conflicting reports (39- 
41). Studies on the foregoing aspects and on the assessment of protein 
quality from determinations of xanthine oxidase synthesis in vitro are in 
progress. 
SUMMARY 


1. An increase in xanthine oxidase activity occurs when liver slices from 
protein-depleted rats are incubated aerobically in serum containing glucose. 

2. Supplementation of the serum with glycine, methionine, riboflavin, 
and bicarbonate results in a further increase in enzyme activity. 

3. That the observations represent a true synthesis in vitro of the enzyme 
and not merely an activation has been shown from determinations of FAD, 
adenine, and total protein and from glycine disappearance. 

4. Preliminary results indicate that liver slices from folic acid-deficient 
rats show an ability to synthesize xanthine oxidase. Liver slices from 
normal rats fail to show this change. Folic acid deficiency was induced 
both by feeding a purified ration and by use of aminopterin in conjunction 
with the laboratory stock diet. 


Our thanks are due to Miss P. Fatterpaker and Miss U. Marfatia for 
much valuable help. 
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THE INHIBITION OF XANTHINE OXIDASE IN VITRO BY 
TRACE AMOUNTS OF Il-ASCORBIC ACID 


By PHILIP FEIGELSON 


(From the Department of Biochemistry, Fels Research Institute, Antioch College, Yellow 
Springs, Ohio) 


(Received for publication, March 10, 1952) 


For many years it has been known that numerous compounds can act as 
inhibitors of xanthine oxidase in vitro. This has been demonstrated for 
such diverse substances as cyanide (1), copper (2), oxidized p-aminophenol 
(3), pyrogallol (4), 6-pteridylaldehyde (5), Antabuse (6), and numerous 
flavonoids (7). Few, if any, of the above inhibitors can be considered as 
being present and normally participating in physiological processes. 

In the course of a study on the nature of the unknown prosthetic group 
of xanthine oxidase, it was observed that incubation of the enzyme with 
trace amounts of l-ascorbic acid resulted in a marked decrease in xanthine 
oxidase activity. The present report constitutes an investigation of the 
mechanism of this phenomenon. 


EXPERIMENTAL 


The xanthine oxidase was isolated from raw cream! by the procedure of 
Corran et al. (8) as modified by Green.? 

The inhibition was routinely studied by adding to a series of test-tubes 
l-ascorbic acid (Pfizer), xanthine oxidase, and water or buffer. The tubes 
were allowed to incubate at room temperature for the indicated times; then 
duplicate aliquots of the tubes were tested for xanthine oxidase activity by 
a modified spectrophotometric method of Kalckar (9). This spectrophoto- 
metric system is based on the principle that the conversion of xanthine to 
uric acid results in an increase in the extinction at 290 my (E290). Assay 
conditions were arranged so that the rate of increase in extinction was lin- 
early proportional to the amount of xanthine oxidase present. The cu- 
vettes contained 2.5 ml. of 0.1 m glycine buffer (pH 8.0), 0.3 ml. of 5 x 10-¢ 
M xanthine, solution containing xanthine oxidase, and water to make a total 
volume of 3.3 ml. The enzyme was added last, the cuvette contents mixed, 
and the E29 followed with time against a distilled water blank. The E29 
was plotted against time and the slope of the linear portion was calculated. 
An enzyme unit of xanthine oxidase is defined as that amount of enzyme 
which results in an increase in E299 of 0.001 per minute. The results are 


1 Supplied gratis by Borden’s Dairy Company, Springfield, Ohio. 
* Green, D. E., unpublished method. 


| 
* 
en 
* 
843 
& 


844 XANTHINE OXIDASE INHIBITION 


expressed as the number of enzyme units present per ml. of test-tube con- 
tents. Blanks in which xanthine was omitted were always included to de- 
termine whether changes in F299 might occur owing to any factor other than 
xanthine oxidase activity. In no case were there significant changes in the 
extinction in these blanks. A Beckman DU spectrophotometer was used 
throughout this study and all analyses were conducted at room tem- 


perature. 
Xanthine dehydrogenase was determined by measuring the reduction of 
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XANTHINE OXIDASE ACTIVITY ( 


MICROMOLES ASCORBIC ACID 


Fic. 1. The effect of l-ascorbic acid on xanthine oxidase activity. In each of five 
tubes were placed 1.0 ml. of xanthine oxidase solution, the indicated amounts of 
l-ascorbic acid in 0.01 mM potassium phosphate buffer (pH 7.5), and enough of the 
same buffer to bring the volume in all tubes to 4.0 ml. Tubes were allowed to incu- 
bate at room temperature for 190 minutes; xanthine oxidase activity of aliquots of 
the tubes was measured by the spectrophotometric procedure at 260 my. 


2 ,6-dichlorophenol indophenol as described by Haas (10). In addition to 
the cuvette contents described above, 0.1 ml. of 26 mg. per cent dichloro- 
phenol indophenol was added and the decrease in absorption at 600 my was 
followed with time. An enzyme unit of xanthine dehydrogenase activity 
is defined as that amount of enzyme which induces a decrease in Egoo of 
0.001 per minute. 

The manometric experiments were conducted according to the procedure 
described by Horecker and Heppel (11). 

Fig. 1 depicts the initial observation which motivated this study. It is 
apparent that incubation of the enzyme with ascorbic acid resulted in a 
very marked inhibition of the xanthine oxidase activity. The activity was 
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diminished by approximately 75 per cent in the presence of 0.57 um of as- 
corbate, the inhibition increasing as the amount of ascorbate was increased. 
In other similar experiments the inhibition approached 100 per cent at com- 
parable ascorbate levels. This effect was not due to the acidity of the as- 
corbic acid, as the buffers were adequate in maintaining the pH constant. 
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MICROMOLES ASCORBATE 
Fic. 2. Effect of l-ascorbic acid on enzymatic oxidation of hypoxanthine. The 
main compartment of all Warburg flasks contained 1.0 ml. of 0.1 m potassium phos- 
phate buffer (pH 7.2), 2.4 mg. of crystalline bovine serum albumin (Armour), 0.5 ml. 
of xanthine oxidase, the indicated concentrations of l-ascorbic acid, and water to 
make the volume of the main compartment to 2.6 ml. Duplicate flasks with and 
without 0.2 ml. of 0.05 m hypoxanthine in the side arm were run and water was added 
to make the volume in all side arms 0.4 ml. The center well of all flasks contained 
0.2 ml. of 5 per cent KOH and a strip of filter paper. The flasks were incubated at 
25°. Following thermal equilibration, the contents of the side arms were added, and 
the xanthine oxidase activity was calculated as the difference in oxygen uptake 
between duplicate flasks in the presence and absence of hypoxanthine. 


To preclude the possibility that this effect was unique for the specific 
analytical methods employed, it was desirable to confirm this relationship 
between xanthine oxidase and ascorbate in another analytical system. Ex- 
periments were therefore undertaken in which the effect of ascorbate on 
xanthine oxidase was measured manometrically. Typical results are 
shown in Fig. 2. In this system too, the ascorbic acid resulted in inhibition 
of the xanthine oxidase activity. Thus the rates of both uric acid forma- 
tion and oxygen uptake are diminished in the presence of ascorbate. It is 
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apparent that the degree of inhibition, induced by a given amount of as- 
corbate, is smaller in the manometric experiment than in the spectrophoto- 
metric experiment. As will be demonstrated later, this is due to the differ- 
ence in the length of time that the enzyme and inhibitor are in contact with 
each other in the absence of substrate. 
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Fic. 3. Effect of ascorbate on xanthine dehydrogenase. In each of four test-tubes 
were placed 1.0 ml. of xanthine oxidase solution, the indicated amounts of l-ascorbic 
acid in 0.01 m potassium phosphate (pH 7.5), and enough of the same buffer to bring 
the volume in all tubes to 4.0 ml. The tubes were allowed to incubate at room 
temperature for 190 minutes; then 12 y of copper sulfate were added and each tube 
was shaken with air for 60 minutes. Aliquots from each tube were then measured 
for xanthine dehydrogenase activity by the 2,6-dichlorophenol indophenol assay 


system at 600 mg. 


In the test systems previously utilized the ultimate hydrogen acceptor 
was oxygen. It is of interest to determine whether the observed inhibition 
was due to inhibition of the xanthine dehydrogenase activity or whether 
the ascorbate in some unknown manner interfered with the transfer of the 
hydrogen atoms to oxygen. An enzyme assay system was established, to 
measure xanthine dehydrogenase activity, in which 2 ,6-dichlorophenol in- 
dophenol was the hydrogen acceptor (10). As ascorbate will itself reduce 
the dye, precautions were observed to destroy the ascorbate prior to xan- 
thine dehydrogenase estimation. This was accomplished by adding trace 
amounts of copper sulfate and shaking with air. After this treatment sub- 
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strate-free controls indicated no reduction of the dye. The results of this 
experiment are demonstrated in Fig. 3. These findings indicate that as- 
corbic acid inhibits xanthine dehydrogenase activity rather than interferes 
in a more general way with oxidation of the hydrogen atoms. 

Under the pH conditions employed ascorbic acid is readily converted by 
atmospheric oxygen to dehydroascorbic acid and it is conceivable that the 
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Fig. 4. Effect of conversion of ascorbic acid to dehydroascorbic acid on the inhibi- 
tion of xanthine oxidase. A 100 mg. per cent l-ascorbic acid solution in 0.01 m potas- 
sium phosphate (pH 7.5) was shaken with air on a Burrell wrist action shaker. Ali- 
quots were taken after increasing shaking times. When all the aliquots were 
collected, 2.0 ml. of each were titrated with 0.001 m dichlorophenol indophenol. Iden- 
tical 2.0 ml. portions of each were added to test-tubes containing 1.0 ml. of xan- 
thine oxidase and 1.0 ml. of water. To measure the amount of enzyme activity 
in the complete absence of inhibitor one tube contained 3.0 ml. of water and 1.0 
ml. of xanthine oxidase. Following incubation for 25 minutes at room tempera- 
ture, aliquots of these test-tubes were analyzed for xanthine oxidase activity by the 


spectrophotometric procedure at 260 my. 


latter is the active inhibitor. To investigate this possibility the following 
study was made. A freshly prepared solution of ascorbic acid was shaken 
with air and aliquots were removed after increasing shaking time. The 
ascorbic acid content of these aliquots was measured titrimetrically with 
dichlorophenol indophenol, and the inhibitory effect on xanthine oxidase 
of these same samples was determined. The results are shown in Fig. 4. 
The highest dichlorophenol indophenol titer represents zero minutes of 
shaking in air and contains the highest concentration of ascorbic acid. [fhe 
titer decreased with shaking, indicating an increasing conversion of ascor- 
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bic acid to dehydroascorbic acid. The enzyme activity increases as the 
conversion of ascorbate to dehydroascorbate becomes more complete. The 
indicated zero ml. of dichlorophenol indophenol point represents the en- 
zyme activity in the complete absence of inhibitors. The extrapolated 
line intercepts the enzyme axis at a point below that of the completely 
uninhibited enzyme. These findings suggest that dehydroascorbic acid 
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Fic. 5. The reaction velocity of xanthine oxidase as a function of enzyme concen- 
tration in the presence and absence of ascorbic acid. In a series of test-tubes were 
placed the indicated amount of enzyme, 3.0 ml. of 0.01 m potassium phosphate (pH 
7.5), and water to make the total volume to 4.0 ml. At each enzyme level, to dupli- 
cate tubes was added 0.1 ml. of 100 mg. per cent ascorbic acid in 0.01 m potassium 
phosphate (pH 7.5). The tubes were allowed to incubate at room temperature for 
150 minutes. Aliquots from each tube were measured for xanthine oxidase activity 
in the spectrophotometric system at 260 my. 


exerts some inhibitory activity but that it is a considerably weaker inhib- 
itor of xanthine oxidase than is ascorbic acid. 

On numerous occasions it was noted that ascorbate completely abolished 
the enzyme activity. This implied that all of the enzyme was combined 
as enzyme-inhibitor complex and led to the inference that this complex may 
be of a non-dissociating nature. This concept was strengthened by obser- 
vations that destruction of the ascorbic acid following incubation of the 
inhibitor with the enzyme did not remove the inhibition. A procedure has 
been recently described (12) which demonstrates the reversibility or irre- 
versibility of an enzyme-inhibitor complex. This involves the determina- 
tion of enzyme activity, in the absence and presence of inhibitor, as a func- 
tion of enzyme concentration. The result of such an experiment is shown 
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in Fig. 5. The point of interest is that in the presence of ascorbic acid the 
line intercepts the enzyme axis at a point to the right of the origin. This 
demonstrates that the inhibitor effectively “‘titrates” a certain amount of 
the enzyme and indicates the enzyme-inhibitor complex either to be non- 
dissociating or to possess an extremely small dissociation constant (12). 
For inhibitors of this type the per cent inhibition will vary with the enzyme 
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XANTHINE OXIDASE ACTIVITY (UNITS/ML.) 


o10 20 30 40 50 60 70 
MINUTES 
Fig. 6. The rate of inactivation of xanthine oxidase by ascorbic acid in the ab- 
sence of substrate. 0.5 ml. of 100 mg. per cent ascorbic acid in 0.01 M potassium 
phosphate (pH 7.5) and 2.5 ml. of the same buffer were added to a test-tube. Asa 
control 3.0 ml. of the buffer were added to another test-tube. 1.0 ml. of xanthine 
oxidase was added to each and the tubes were allowed to incubate at room tempera- 
ture; aliquots were removed at various times after the addition of the enzyme for 
estimation of xanthine oxidase activity in the spectrophotometric system at 260 my. 


concentration, and thus a Lineweaver-Burk analysis would be profitless and 
therefore was not undertaken. 

The degree of inhibition induced by a given concentration of ascorbate 
is dependent upon the length of time of incubation of the inhibitor with 
the enzyme before the addition of the substrate, as may be seen in Fig. 6. 
In the absence of substrate there is apparently a slow combination of the 
enzyme with the ascorbate, resulting in a decreased concentration of active 


enzyme. 
DISCUSSION 


These data indicate that in three distinct in vitro test systems ascorbic 
acid in trace amounts inhibits xanthine oxidase activity. The point of 
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inhibition is shown to be at the xanthine dehydrogenase step in the enzy- 
matic sequence. The ascorbic acid-xanthine oxidase complex is of an ap- 
parent non-dissociating nature, which renders this phenomenon of con- 
siderable physiological-pharmacological interest (12). Although other 
inhibitors of xanthine oxidase exist, it is believed that this represents the 
first inhibitor which may be present and acting under normal physiological 
conditions. What is perhaps of greater importance is that this clue may 
provide insight into a physiologically important interaction between ascor- 
bic acid and an enzyme system. 

Experiments are currently in progress to determine whether this relation- 
ship between ascorbic acid and xanthine oxidase can be demonstrated in 
the intact animal. 

The inhibition of xanthine oxidase may be of considerable interest in the 
prophylaxis and therapy of human gout; therefore the usefulness of ascor- 
bic acid in the treatment of this metabolic disease is being explored. 


SUMMARY 


It has been demonstrated that trace amounts of l-ascorbic acid will in- 
hibit cream xanthine oxidase and xanthine dehydrogenase activity in sev- 
eral in vitro test systems. The nature of this inhibition was investigated; 
it was shown that there is a slow combination of the enzyme with ascorbate 
and that the enzyme-inhibitor complex is of an “irreversible” nature. 


The author would like to express his appreciation to Miss Barbara Lines 
for her capable technical assistance. 
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The preparation of a soluble a-ketoglutaric oxidase from pigeon breast 
and pig heart muscle was outlined briefly in a previous communication 
from this laboratory (1). The purification and some of the properties of 
the enzyme from pig heart will be described in this paper. Recently 
Kaufman has reported another method for solubilization of the oxidase 
(2). 

Results 
Assay 

A method based on the reduction of 2 ,6-dichlorophenol indophenol was 
described previously for the assay of a-ketoglutaric oxidase preparations 
from pigeon breast muscle (1). The pig heart enzyme can also be assayed 
by this method after pretreatment with 0.05 m cyanide (neutral). Cy- 
anide presumably inactivates an enzyme which catalyzes the reoxidation 
of the reduced dye. Under these conditions the reaction is again first 
order with respect to indophenol and the initial rate proportional to en- 
zyme concentration. For the routine assay of many enzyme samples, 
the reaction with ferricyanide (3) is more convenient (see “Materials and 
methods”’). 


Purification Procedure 
Oxidase from Pig Heart—All operations are carried out at 0-5° and the 
solutions made up with glass-distilled water. Diced pig heart muscle 


* This work was supported by grants from the National Heart Institute, the 
National Institutes of Health, Bethesda, Maryland. 

A report of this work was presented at the Twelfth International Chemical Con- 
gress at New York, September, 1951. 

t Postdoctoral Fellow of the National Cancer Institute, United States Public 
Health Service, Bethesda, Maryland. 

t Fellow of the National Heart Institute, United States Public Health Service. 
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(1.5 kilos) is homogenized with 4.5 liters of 0.03 m phosphate buffer, pH 
7.2, for 2 minutes in Waring blendors. The homogenate is centrifuged at 
2000 x g for 30 minutes; the resulting cloudy supernatant is taken to 
pH 5.4 with 10 per cent acetic acid and centrifuged again for 20 minutes. 
The precipitate is washed by suspending with a glass homogenizer in 300 
ml. of water and recentrifuged at 4000 x g for 10 minutes. The washed 
precipitate is suspended again in 100 ml. of water, the pH adjusted to 
7.0 with 1 n NaOH, and the volume brought to 250 ml. The suspension 
is frozen and thawed at least twice over a period of 24 hours or more. 
The protein coagulated by this treatment is removed by centrifuging at 
18,000 < g for 20 minutes. Ammonium acetate is added to the slightly 
pink supernatant (38.5 gm. per 100 ml.) and, after standing at least 10 
minutes, the mixture is centrifuged for 20 minutes at 18,000 xX g (the 


I 
Steps in Purification of a-Ketoglutaric Oxidase 

activity Total units ae 
Homogenate, 1.5 kilos...................... 0.23 113,000 100 
Phosphate extract.......................... 0.46 64 ,500 57 
Frozen and thawed supernatant............ 13.0 17 ,300 15 
Ammonium acetate ppt..................... 80 10,200 9.0 


precipitate does not pack well at lower speeds). The same amount of 


- ammonium acetate is again dissolved in the supernatant and the solution 


is centrifuged as before. The precipitate is dissolved in 10 ml. of 0.01 
m sodium bicarbonate or 0.02 m phosphate, pH 7.2 to 8.0, and the solu- 
tion is dialyzed for 6 to 8 hours against the same buffer. The data on the 
purification and recovery of enzyme are presented in Table I. An over- 
all 230- to 350-fold purification with 9 to 13 per cent recovery of total 
activity is obtained by this procedure. 

The specific activity of the enzyme could not be increased further by 
precipitation at different pH values or by fractionation with ammonium 
acetate, ammonium sulfate, or sodium sulfate. The enzyme can be pre- 
cipitated quantitatively by sodium sulfate (15 gm. per 100 ml.) and can be 
sedimented as a pellet by centrifuging at 144,000 x g for 2 hours (40,000 
r.p.m., rotor No. 40 of the Spinco model L preparative ultracentrifuge). 
The latter procedure is particularly useful for separating small amounts 
of impurities of lower molecular weight and for further purifying samples 
that occasionally do not reach the expected level of purity. 


tw 
tic 
cle 
be 
af 


i 


n¢ 


— 


Fs 


= 


D. R. SANADI, J. W. LITTLEFIELD, AND R. M. BOCK 853 


The oxidase is usually stored frozen in 0.02 m phosphate buffer, pH 
8.0, at —10°. After an initial drop, most preparations maintain about 
two-thirds of the original activity for over 2 months. In some prepara- 
tions the loss is as high as 60 per cent in 7 days. 

Oxidase of Pigeon Breast Muscle—The enzyme from pigeon breast mus- 
cle (1) can be purified in a similar manner. The precipitate obtained 
between 23 and 77 gm. of ammonium acetate per 100 ml. of supernatant 
after freezing and thawing has approximately 57 units per mg. of protein. 
So far we have observed no essential difference in properties between the 
pig heart and pigeon breast oxidases, but the properties of the latter have 
not been documented fully. 

The purified a-ketoglutaric oxidase was tested for several other en- 
zymatic activities. The enzyme did not catalyze the oxidation of reduced 
diphosphopyridine nucleotide (DPNH) by pyruvate, oxalacetate, acetal- 
dehyde, or a-ketoglutarate plus ammonia. The presence of lactic, malic, 
alcohol, and glutamic dehydrogenases as contaminants, therefore, can be 
excluded. The following assays were also performed: pyruvic oxidase 
(4), isocitric dehydrogenase (5), and diaphorase (6). The only activities 
found were those of pyruvic oxidase and diaphorase. From the turnover 
numbers it could be calculated that each of these enzymes represented 
amounts of the order of 1 to 2 per cent only of the total protein. 

Properties 

Solutions of the purified enzyme are distinctly yellow. Preparations 
obtained from minced muscle repeatedly washed with water are paler. 
The absorption spectrum shows a maximum at 410 mug, presumably due 
to contaminating hemoproteins. 

The ratio of absorption at 280 my to that at 260 my is variable and lies 
between 1.20 and 1.40, which, according to the data of Warburg and Chris- 
tian (7), suggests the presence of about 2 per cent nucleic acid. How- 
ever, active preparations with ratios as high as 1.70 have been obtained 
by a slightly different procedure but the recoveries of enzyme are lower. 
The solubilized enzyme is treated with manganous chloride to a final 
concentration of 0.05 m, the precipitate is removed, and the supernatant 
fractionated with ammonium acetate between 23 and 77 gm. per 100 ml. 
The precipitate is dissolved in and dialyzed against 0.01 m bicarbonate. 

Electrophoretic and Ultracentrifuge Analyses—The pig heart a-ketoglu- 
taric oxidase has been examined in the Tiselius apparatus and in the an- 
alytical ultracentrifuge for purity under the conditions previously de- 
scribed for pyruvic oxidase (8). Over 90 per cent of the protein migrated 
as a single peak under the conditions listed in Table II, thus satisfying the 
first order criteria of electrophoretic homogeneity (9). As in the case of 
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pyruvic oxidase, the mobility in barbiturate was markedly low compared 
to that in phosphate buffer, indicating appreciable binding of phosphate 
by the protein. A typical schlieren pattern is shown in Fig. 1. 

In the ultracentrifuge' two peaks were usually observed (Fig. 2). The 
smaller peak represented approximately 10 per cent of the protein with 
sedimentation constants of 5 to 8 S (Svedberg units). The major com- 
ponent had sedimentation constants distributed from 20 to 50 S at 20°, 
the peak of the distribution falling between 31 and 36 S on all samples 


II 
Mobility of a-Ketoglutaric Oxidase under Different Conditions 


pH Tonic strength Buffer 308 sa. cm. 
6.6 0.1 Phosphate —3.7 
7.5 0.05 —5.8 
8.6 0.1 Barbiturate —4.2 


Fig. 1. Schlieren pattern recorded during electrophoresis after 4 hours under a 
potential gradient of 4.2 volts cm.~' in verona] buffer, pH 8.6. 


Fia. 2. Schlieren pattern recorded during ultracentrifuge analysis after 24 min- 
utes at 42,000 r.p.m. 


examined. The apparent distribution of sedimentation constants (10) for 
one of the preparations is shown in Fig. 3. Samples of the low molecular 
weight contaminant, obtained by differential sedimentation in a Spinco 
preparative ultracentrifuge, were found to have no oxidase activity. 

The diffusion constants ranged from 1.54 X 10~ to 1.76 XK 107 when 
corrected to 20°. The molecular weight calculated from sedimentation 
and diffusion constants, assuming the partial specific volume of the en- 
zyme to be 0.74 cc. gm.—', was 2 X 10° gm. per mole. Further details of 
the physical studies are described elsewhere (11). 

1 The facilities for some of the preliminary analyses were made available through 
the courtesy of Dr. P. P. Cohen of the Department of Physiological Chemistry. 
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Reaction with Different Oxidants—When albumin is omitted in the fer- 
ricyanide assay procedure, the initial rate of CO, liberation is lower. Fur- 
thermore, the rate is not proportional to enzyme concentration, and 
declines more rapidly than under standard conditions (Fig. 4). The 
maximum effect of albumin is obtained at a level of 10 mg. per ml. Simi- 
lar “activation” is produced by DPN (ef. Kaplan (12)) and by yeast and 
muscle adenylic acids. The effect of DPN is of the same magnitude as, 
and not additive to, that of adenylic acid. These compounds have no 
effect on the rate of oxidation of a-ketoglutarate when 2 ,6-dichlorophenol 
tndophenol is used as electron acceptor. Hence this “activation” is in- 
terpreted as stabilization of the enzyme. 


8 = 
2 

= 
a 
> 


20 30 40 50 
4X 108 
Fic. 3. Distribution of sedimentation constants at 24° for the main peak in the 
ultracentrifuge. q*(s) is the fraction of the protein having sedimentation constants 
between s and s + ds (10). 


The optimum pH of the reaction with ferricyanide (pH varied by chang- 
ing the bicarbonate concentration) was 6.9. At this pH the enzyme was 
only half as active in 5 per cent CO,-95 per cent N2 as in 100 per cent COz. 

The oxidation of a-ketoglutarate can alsb be followed by measuring 
oxygen absorption with methylene blue or pyocyanine as intermediate 
electron carriers. With both dyes only 2.7 um of a-ketoglutarate were 
oxidized per hour per mg. of enzyme (in 0.05 m phosphate buffer, pH 7.5, 
37°). The optimum rate of oxidation with 2 ,6-dichlorophenol indophenol 
corrected for V‘max. (1) was 63 wm per hour per mg. of oxidase at 30°. 
DPN and catalase had no effect on the reaction with methylene blue or 
pyocyanine. The ability to catalyze the aerobic oxidation of a-ketogluta- 
rate (1) is lost after fractionation with ammonium acetate. 

Anaerobic Decarborylation—Decarboxylation of a-ketoglutarate to suc- 
cinic semialdehyde has been demonstrated with a particulate oxidase 
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preparation (3). A similar reaction occurs with the purified oxidase, and 
we have confirmed that the product is succinic semialdehyde by the ab- 
sorption spectrum of the 2,4-dinitrophenylhydrazone. Under the con- 
ditions of the Friedemann and Haugen assay (13), this hydrazone has an 
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Fic. 4. Experimental conditions as in the text, except for the stabilizer, which 
was as follows: Curve 1, none; Curve 2, DPN (2 um); Curve 3, adenosine-3-phosphate 
(6 wm); Curve 4, albumin (30 mg.); Curve 5, crude liver nucleotides (8 mg.) ; Curve 
6, albumin + adenylic acid; Curve 7, albumin + DPN. 


absorption maximum at 410 my. The intensity of color decreases on 
standing. The anaerobic reaction is slow (approximately 1.5 um of CO, 
liberated per hour per mg. of enzyme at pH 6.0 and 37°), but nevertheless 
consistently positive in different preparations of the enzyme, and is not 
affected by added succinic semialdehyde. In the ferricyanide system suc- 
cinic semialdehyde is not oxidized and can be recovered almost completely 
as the 2,4-dinitrophenylhydrazone at the end of the reaction. 
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Secondary Reaction—It has been established that, for every mole of 
a-ketoglutarate oxidized to succinate by ferricyanide in bicarbonate buffer, 
3 moles of CO, are liberated (3). With the purified oxidase from pig 
heart, from pigeon breast, or from Azotobacter vinelandii,? only 2.15 to 
2.45 moles of CO, and 0.70 to 0.76 mole of succinate are formed per mole 
of a-ketoglutarate disappearing in the reaction (Table III). This dis- 
crepancy was ascribed previously to CO, retention (3), but the same low 
results are obtained if the oxidation is carried Out in phosphate buffer 
and the total CO, determined by addition of acid to the reaction mixture, 
thus excluding CO, retention. With an excess of oxidase and under con- 
ditions whereby added a-ketoglutarate disappears completely, the total 
CO, liberated is again 72 to 82 per cent of theory. In the reaction of 
a-ketoglutarate with DPN and coenzyme A (CoA) to form succinyl CoA, 
a similar difference is observed (14). This consistent difference between 


Taste III 
Stoichiometry of a-Ketoglutarate Oxidation by Ferricyanide 
Experiment No. Succinate 
pM 
1 31.3 25.6 23.9 
2 22.7 18.0 15.7 


Experimental conditions as in the text. Succinic acid was extracted with ether 
(3) and estimated by oxidation with succinoxidase. 


a-ketoglutarate disappearance and CO, or succinate formation is indicative 
of a non-oxidative side reaction. The CO, formed by decarboxylation of 
a-ketoglutarate to succinic semialdehyde will not register manometrically, 
since no net change in acidity occurs. Succinic semialdehyde cannot be 


_ demonstrated in the reaction mixture, but the possibility that the product 


could be some compound at the same oxidation level as succinic semial- 
dehyde cannot be excluded. Different acyloins produce a variety of colors 
with creatine in alkaline solution (Voges-Proskauer reaction) (15), but the 
end-product of the oxidation of a-ketoglutarate showed no specific color 
under these conditions. 

K,—The rate of indophenol reduction at different concentrations of 
a-ketoglutarate is shown in Fig. 5. Above a substrate concentration of 
2 X 10°* Mm, inhibition is observed. The Michaelis constant determined 
from a Lineweaver-Burk plot (16) is 8.5 X 10~* m. 

Cofactors—The stimulation in the ferricyanide reaction by added mag- 
nesium chloride or diphosphothiamine is again considered to be a stabiliza- 

* Private communication from Dr. E. Lindstrom. 
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tion effect, since these substances do not affect the rate of reaction with 
indophenol or with DPN (14). Even after dialysis against pyrophosphate 
buffer, pH 8.5, for 8 hours, or precipitation at pH 5.4 (3), or precipitation 
with ammoniacal ammonium sulfate (17), the pig heart oxidase shows no 
stimulation by added magnesium chloride or diphosphothiamine in the 
reaction with indophenol or DPN (14). No effect on the oxidation rate 
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Fic. 5. Experimental condition, a-ketoglutarate (as shown), phosphate, 200 um, 
and 2,6-dichlorophenol indophenol in 3.0 ml., final pH 6.7, temperature 30°, initial 
optical density 0.40. The optical density was read at half minute intervals after 
addition of cyanide-treated enzyme (1). 


was observed with added phosphate, arsenate, CoA, CoA with DPN, or 
diaphorase (18). 

Since the only components required for activity are enzyme, substrate, 
and oxidant, analysis of the purified oxidase for bound coenzymes was 
indicated. The trichloroacetic acid extract of the enzyme was assayed for 
DPN with alcohol and crystalline alcohol dehydrogenase (19). For the 
analysis of CoA and diphosphothiamine, the enzyme was treated first 
with acid-washed Dowex 1 (20). This procedure produced about 50 per 
cent denaturation, but the specific activity of the remaining enzyme was 
unchanged. Diphosphothiamine was then estimated with purified yeast 
carboxylase (17) and CoA by arsenolysis with transacetylase (20). The 
oxidase was found to contain 1.2 moles of diphosphothiamine per mole 
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(2 < 10° gm.) of protein, but no DPN or CoA. In addition, approxi- 
mately 170 units of pyruvic oxidase factor (21) per mg. or enzyme were 
found’ (or 6 moles of POF per mole of enzyme as calculated from the 
activity of the pure compound (22)). 

Inhibitors—The aerobic oxidation of a-ketoglutarate is inhibited by low 
concentrations of arsenite and p-chloromercuribenzoate (3, 23). We 
have studied the effect of some standard —SH enzyme inhibitors in the 
ferricyanide system by preincubating these with the enzyme at 37° for 
10 minutes before adding the substrate. The purified oxidase is not 
inhibited by iodoacetate below a concentration of 0.01 mM; higher levels 
produce variable inhibition, usually about 25 per cent at 0.03 m. The 
effect of arsenite is similar, no inhibition being observed below 0.01 , 
and variable and weak inhibition even at 0.03 m (20 to 40 per cent). The 
consistent inhibition by p-chloromercuribenzoate (50 per cent at 7 x 10-5 
m and complete at 2 X 10‘ Mm) is not reversed by a 10-fold excess of cys- 
teine. These data suggest that the inhibition of aerobic oxidation by 
arsenite and iodoacetate occurs, not by inactivation of the oxidase, but at 
a subsequent step. The likely group modified is the —SH of CoA which 
is required for the physiological reaction, namely reaction with DPN (14). 


DISCUSSION 


The a-ketoglutaric oxidase is similar to the recently purified pyruvic 
oxidase (4) in many of its properties. Both are extracted from the cel- 
lular particles by the same procedure of freezing and thawing and show 
two apparent enzymatic activities at all stages of purification. Anaero- 
bically pyruvic oxidase catalyzes the formation of acetoin from pyruvate 
presumably by condensation of an intermediate at the level of oxidation of 
acetaldehyde (24). a-Ketoglutaric oxidase forms succinic semialdehyde 
and CO; in the absence of an oxidant. The decarboxylation rate is much 
slower than the rate of oxidation to succinate; however, this comparison 
may not be entirely valid since the conditions for the assays are quite 
different. Although succinic semialdehyde, as such, cannot be an inter- 
mediate in the oxidation of a-ketoglutarate, the intermediate formation 
of a derivative of the aldehyde (e.g., a complex formation with the oxidase) 
cannot be ruled out. 

Although essentially uncontaminated by other enzymatic activities, the 
unusually large molecules of pyruvic and a-ketoglutaric oxidase may 
still be complexes of more than one protein. If so, they would represent 
organized units below the mitochondrial level. 

* We are indebted to Dr. I. C. Gunsalus for this analysis. Dr. G. W. Kidder has 
found that 1 mole of enzyme is equivalent to 4 moles of p1i-thioctic acid for the 
growth of Tetrahymena geleii. 
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A particulate preparation of a-ketoglutaric oxidase from pigeon breast 
muscle (3) as well as the oxidase of Azotobacter vinelandii,’ after appro- 
priate treatment, shows diphosphothiamine requirement for activity. 
While the purified oxidase from pig heart does not show this requirement, 
it contains approximately 1 mole of bound diphosphothiamine per mole 
of enzyme. It seems reasonable to assume, therefore, that this coenzyme 
participates in the over-all process. The function of the large amount 
of pyruvic oxidase factor (a-lipoic acid) in the pyruvic and a-ketoglutaric 
oxidases is not known. 

Materials and Methods 

a-Ketoglutaric acid, obtained from Organic Specialties, was recrystal- 
lized twice from acetone and benzene.‘ Yeast and muscle adenylic acids 
and DPN were supplied by the Schwarz Laboratories, Inc., diphospho- 
thiamine by Merck and Company, Inc., and crystalline bovine plasma 
albumin by the Armour Laboratories. Succinic semialdehyde was syn- 
thesized (25) by Dr. A. Tomisek. Purified samples of CoA were supplied 
kindly by Dr. F. M. Strong. 

-a-Ketoglutaric acid was estimated by the method of Friedemann and 
Haugen (13). Protein concentration determined by the biuret reaction 
(26) with bovine albumin as the standard, agreed with dry weight deter- 
minations. Manometric measurements were carried out by the standard 
Warburg technique (27). 

Enzyme Assay—Potassium ferricyanide (0.1 ml. of 0.5 m) is placed in 
the side arm of the Warburg vessel, and to the main chamber are added 
a-ketoglutarate (50 um), sodium bicarbonate (400 um), diphosphothiamine 
(200 +), magnesium chloride (20 um), bovine plasma albumin (30 mg.), 
and enzyme in 2.9 ml. of water. The vessels are gassed for 5 minutes with 
CO, and equilibrated 5 minutes at 37°; then the stop-cocks are closed and 
ferricyanide tipped in. The CO, evolved in the first 10 minutes is pro- 
portional to enzyme concentration. A unit of enzyme activity is defined 
as that amount which liberates 1 um of CO, per hour, calculated from the 
10 minute reading, and specific activity as units per mg. of protein. One 
unit corresponds to an optical density change of approximately 0.011 
per minute in the indophenol reduction system (1). 


a-Ketoglutaric oxidase of pig heart muscle has been obtained in a highly 
purified state. Over 90 per cent of the enzyme migrated in a single peak 
in electrophoretic and ultracentrifuge analyses. The molecular weight 


‘It melted at 115° (reported 115-116°), liberated the theoretical amount of CO, 
on oxidation with acid permanganate, and had the correct neutralization equivalent. 
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calculated from sedimentation and diffusion constants is 2 million. The 
enzyme may be assayed by following CO, liberation during oxidation of 
a-ketoglutarate with ferricyanide in the presence of albumin as stabilizer. 
In the absence of an- oxidant, a-ketoglutarate is decarboxylated slowly to 
succinic semialdehyde, but the latter is not oxidized by the enzyme. The 
oxidase contains approximately 6 moles of bound pyruvic oxidase factor 
(a-lipoic acid) and 1 mole of diphosphothiamine per mole of protein but 
no DPN or CoA. Ilodoacetate and arsenite at high concentrations inhibit 
the enzyme only slightly in the reaction with ferricyanide. The inhibition 
by p-chloromercuribenzoate is not reversed by cysteine. 


It is a pleasure to acknowledge the interest and encouragement of Dr. 
David E. Green and the assistance of Mrs. Alfons Hilbert throughout 
this work. 

Generous supplies of fresh pig heart were made available through the 
courtesy of Oscar Mayer and Company. 
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THE SYNTHESIS AND PROPERTIES OF 6-p-GLUCURONIC 
ACID-1-PHOSPHATE* 


_ By OSCAR TOUSTER anv V. H. REYNOLDS 


(From the Department of Biochemistry, Vanderbilt University School of Medicine, 
Nashville, Tennessee) 


(Received for publication, February 25, 1952) 


The mechanism of formation of conjugated glucuronides is not known, 
but consideration of the key réles of phosphoric acid esters in carbohydrate 
metabolism suggested that a phosphate derivative of glucuronic acid might 
be involved in the biosynthesis of glucuronides. Cohen (1) postulated 
such an intermediate in the conversion of uronic acids to pentoses by 
Escherichia coli, and Lipschitz and Bueding (2) stated that phosphorylation 
is a prerequisite for glucuronide formation by liver slices. While the 
present work was in progress, Storey (3) reported that free glucuronic acid 
is a potent inhibitor of glucuronide formation by liver slices, a phenomenon 
which was compared to the inhibiting action of free glucose on the con- 
version of glucose-1-phosphate to starch by phosphorylase (4). 

The only detailed report of an attempt to prepare a uronic acid-1- 
phosphate is that of Pippen and McCready (5), who were unable to isolate 
galacturonic acid-1-phosphate or its methyl ester by hydrolysis of acety- 
lated intermediates obtained by two phosphorylating procedures.' We 
have investigated the preparation of glucuronic acid-1-phosphate by meth- 
ods employed in the synthesis of hexose-l1-phosphates. Exploratory ex- 
periments indicated that 1-bromo-2 ,3,4-triacetylglucuronic acid methyl 
ester reacted most satisfactorily in the ‘“monosilver phosphate” procedure 
of Reithel (7). These favorable preliminary results with a method known 
to yield hexose-1-phosphates of 8-configuration were welcome, since §- 
glucuronides are formed in detoxication. We have now obtained crystal- 
line amine salts of 8-glucuronic acid-1-phosphate. Assignment of config- 
uration is based upon the method of synthesis and upon the negative 
rotations of the products. Final designation should await preparation of 
the other isomer. 

* This work was supported in part by a grant from the Williams-Waterman Fund 
of the Research Corporation. A preliminary report of a portion of the material 
in this paper was presented at the Twelfth International Congress of Pure and Ap- 
plied Chemistry at New York, September, 1951. 

! There has also appeared recently a brief note stating that the glucose-1-phos- 


phates can be converted to the corresponding glucuronides by catalytic oxidation 
(6). The properties of the products were not described. 
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EXPERIMENTAL 


Glucuronic Acid Methyl Ester—Goebel and Babers (8) refluxed glucurono- 
lactone in methanol for 72 hours, decolorized the solution with charcoal, 
removed the methanol by distillation, and then treated the residue with 
ethanol to separate the ester from a large amount of unchanged lactone. 
We found it possible to reduce the reaction time greatly by the addition of 
a catalytic amount of sodium methoxide. Furthermore, this modification 
leads to only a small amount of ethanol-insoluble material. In a typical 
experiment, 3.3 gm. of p-glucuronolactone were dissolved in 60 ml. of mag- 
nesium methoxide-dried methanol containing 0.05 gm. of sodium. The 
solution was refluxed for 10 minutes. After 2 hours at room temperature, 
the methyl ester was isolated according to Goebel and Babers. 3 gm. of 
yellow oil were obtained. 

a- and 8-Tetraacetates of Glucuronic Acid Methyl Ester—3.2 gm. of glu- 
curonic acid methyl ester were dissolved in a mixture of 12 ml. of pyridine 
and 8 ml. of acetic anhydride at 0°. The solution darkened considerably 
and, after 3 hours in the cold, was concentrated at reduced pressure until 
crystallization ensued. (This occurred when the solution had been con- 
centrated to about half its original volume.) The mixture was cooled, and 
the precipitate was collected and washed with cold absolute ethanol and 
ether. It weighed 1.6 gm. and melted at 174° (micro block) after one 
recrystallization from absolute ethanol (Goebel and Babers (9) obtained 
a melting point of 178° for the 6-tetraacetate after four recrystallizations). 
The mother liquor and washings were combined, the solvents removed 
under reduced pressure, and the residue dissolved in 15 to 20 ml. of ab- 
solute ethanol. The solution was cooled to —18° and yielded 1.5 gm. 
of the a-tetraacetate of glucuronic acid methyl ester. It melted at 106- 
109° on a micro block and at 110-114° in a capillary tube. (Goebel and 
Babers (9) reported a melting point of 111-112° for the a isomer.) Further 
purification by recrystallization was deemed unnecessary. 

a-1-Bromo-2 ,3 ,4-triacetylglucuronic Acid Methyl Ester—This intermedi- 
ate was prepared as described previously (8), except that the 8-tetraacetate 
was usually used in place of the a-tetraacetate. That the former sub- 
stance also yields the a-bromo compound is indicated by the fact that the 
melting point and specific rotation were the same as reported for the 
bromo derivative of the a-tetraacetate. 

Barium Salt of 8-Glucuronic Acid-1-Phosphate—9 gm. of a-1-bromo-2 ,3 ,4- 
triacetylglucuronic acid methyl ester were dissolved in 30 ml. of ice-cold 
chloroform. This solution was added, over a 5 minute period, to 9.3 ml. 
of a cold ether suspension of “monosilver phosphate” prepared from 1.03 
ml. of 90 per cent phosphoric acid and 3.25 gm. of trisilver phosphate. A 
gummy precipitate formed which was redispersed by removal of the super- 
natant, trituration of the gum with 15 ml. of ether, and return of the 
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supernatant to the new ether suspension. (In a subsequent experiment 
it was found that gum formation does not occur if a large amount of ether 
is included in the original mixture.) The mixture was stirred well at 
room temperature for 15 minutes. (The reaction vessel was protected 
from light during the entire procedure.) The mixture was centrifuged, 
the precipitate washed with 15 ml. of chloroform, and this wash added to 
the original ether-chloroform supernatant solution. The combined solu- 
tion was shaken with an equal volume of water at 0° while the pH was ad- 
justed to 8 by addition of sodium hydroxide. The aqueous layer was re- 
moved, and to it was added a solution of 6.20 gm. of barium acetate in 31 
ml. of water. After 30 minutes, the precipitate was removed by cen- 
trifugation. To the supernatant solution (90 ml.) were added 400 ml. 
of 0.23 n barium hydroxide solution. Slight warming occurred and a 
precipitate formed within a few minutes. This was redispersed by stirring 
and the reaction mixture was allowed to stand for 30 minutes at room 
temperature and overnight in the refrigerator. The white precipitate was 
collected on a Biichner funnel, washed with water, ethanol, and ether, and 
then dried under a vacuum. The yield of crude barium salt was 3.4 gm. 

Brucine Salt—This was prepared in the customary manner. Barium 
salt was suspended in several volumes of ice-cold water, freed of barium by 
addition of cold dilute sulfuric acid, and a concentrated brucine solution 
in methanol was added to alkalinity. The solution was concentrated to a 
small volume under reduced pressure. Addition of acetone yielded the 
brucine salt, which was recrystallized from water-acetone, or water alone. 
The melting points of various preparations were not sharp. However, with 
both micro block and capillary methods, rapid decomposition usually oc- 
curred at about 190° after some coloring several degrees below this tem- 
perature. The solubility of the salt in water was too small (about 0.4 
per cent) and its specific rotation was too low to detect its optical activity. 
However, alkaline solutions which had been freed of brucine by repeated 
extraction with chloroform showed a small negative rotation. The follow- 
ing analyses? indicate that the product is the dibrucine salt of glucuronic 
acid-1-phosphate. 

Calculated. C 58.73, H 5.98, N 5.28, P 2.92, CH;O 11.88, neutral equivalent 354 

Found. “ 57.91, “ 6.11, “ 5.22, “ 2.78, “ 11.57 358 

§8.80, “ 6.20, “ 10.98 362 

? All elementary and methoxyl analyses were performed by the Clark Microana- 
lytical Laboratory, Urbana, Illinois. Samples were dried at 100° to constant weight 
before analysis. The microanalyst reported that the dried samples of brucine salt 


were hygroscopic. 
* For the determination of neutral equivalents, 20 mg. samples were dissolved in 
1 ml. portions of water. The solutions were covered with 1 ml. of ether and then 


titrated with 0.0482 n sodium hydroxide, with phenolphthalein as indicator. 
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Benzylamine Salt—Barium salt was freed of barium by treatment with 
cold dilute sulfuric acid and the resulting solution was made alkaline by 
the addition of benzylamine (2 to 3 equivalents). The turbid solution 
was clarified by centrifugation and then concentrated almost to dryness 
under reduced pressure. Addition of ethanol caused crystallization of the 
salt, which was recrystallized twice from water-ethanol. It melted sharply 
at temperatures between 180—-190° depending upon the rate of heating 
(sealed capillaries were used). [a]””° = —14° (2.6 per cent in water). 


Calculated. C 49.18, H 6.00, N 5.74, P 6.34, CH,0 0, neutral equivalent 163 
Found. “ 49.37, “ 5.59, “ 5.98,“ 632, “ 0, . > 169 


In the first methoxyl analysis of the benzylamine salt, a value of 1.67 
per cent was obtained. We suspected that this was due to retention of 
alcohol used in the recrystallization, since Hilbert and Jansen (10) had 
found that glucosidocytosine retains alcohol even when dried under a 
vacuum at elevated temperatures. In accordance with the procedure of 
Jansen and his associates (11), the salt was humidified for 2 days and 
then redried at 100°. No methoxyl was found in the product. 

Enzymatic Studies—The method of Levvy and Storey (3, 12) was em- 
ployed to investigate the activity of the synthetic product. No difficulty 
was encountered in obtaining glucuronide synthesis from mouse liver slices‘ 
(10 to 30 mg. of dry weight) shaken in Krebs-Ringer bicarbonate solution 
containing lactate and o-aminophenol. In contradiction to Storey’s re- 
port, however, 0.02 m glucuronic acid did not inhibit synthesis, and even 
0.1 m concentrations caused only weak inhibition. 8-Glucuronice- acid-1- 
phosphate, in concentrations ranging from 0.007 to 0.036 m, showed no 
stimulatory or inhibitory activity. The latter solutions were prepared by 
(a) treatment of crude barium salt with an equivalent amount of cold 
sulfuric acid and removal of the barium sulfate, and (b) treatment of 
recrystallized brucine salt with alkali and extraction of the brucine base 
with several portions of chloroform. The resulting solutions were then 
neutralized. The solutions derived from brucine salt were also aerated to 
free them of chloroform. 

In view of the continued speculation that 6-glucuronidase may be in- 
volved in the synthesis of glucuronides (13), the phosphate was also tested 
with this enzyme. Krebs-Ringer bicarbonate solution, or acetate buffer 
at pH 4.5, containing o-aminophenol (0.0004 m), 8-glucuronic acid-1-phos- 
phate (0.01 m), and the enzyme’ (3 to 50 Fishman units per ml.) was in- 


‘ Albino mice from the Albino Farms and the Rockland Farms (Swiss W strain). 
5 Bacterial 8-glucuronidase, Sigma Chemical Company. This enzyme catalyzes 
the hydrolysis of o-aminopheny] glucuronide. 
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cubated at 37° for 2.5 and 22.5 hours, but no o-aminopheny! glucuronide 
was detected. 


The phosphate showed the expected reactivity with naphthoresorcinol 
and with Benedict’s solution only after acid hydrolysis. It was surprising, 
however, that analyses of the brucine and benzylamine derivatives cor- 
responded to the diamine rather than triamine salts. That complete sa- 
ponification had occurred was indicated by the very rapid reaction of the 
salts with 3 equivalents of alkali, even at 0°. A lactone structure would 
account for the presence of 2 amine residues, and é-lactones of sugar acids 
(14, 15) have been reported to react practically instantaneously with cold 
alkali. However, studies with models apparently eliminate the possibility 
of a 6-lactone of a glucuronopyranose. Since, in one preparation of the 
benzylamine salt, enough benzylamine was added to make the solution al- 
kaline to phenolphthalein (in which glucuronic acid-1-phosphate is com- 
pletely neutralized), the formation of diamine salt is not due primarily to 
an unexpectedly low dissociation of one acidic group. Considerable differ- 
ence in solubility between the diamine and triamine salts may be responsible 
for our results. We were unable to prepare a crystalline potassium salt. 

The explanation for our failure to confirm the strong inhibitory action 
of glucuronic acid on o-aminopheny!] glucuronide synthesis by mouse liver 
slices is not apparent. The substance apparently promotes the formation 
of m-aminophenyl] glucuronide by rat liver homogenates (16). Further- 
more, the recent report of Packham and Butler (17) indicates that ad- 
ministered glucuronic acid stimulates and participates in the formation 
of a-naphthyl glucuronide in the rat. 

It is advisable to determine whether the a-isomer of glucuronic acid-1- 
phosphate is involved in glucuronide formation. Since the coupling may be 
effected by a phosphorylase, which would probably cleave the phosphate 
at the carbon-oxygen bond (18), there is a possibility that a Walden in- 
version occurs.* It will be desirable to study both isomers with homogen- 
ates to avoid the question of the permeability of the cell membranes to the 
test substances.’ 


* In this regard, it is noteworthy that Fitting and Doudoroff (19) have recently 
described the reversible phosphorolytic decomposition of maltose to equal amounts 
of B-p-glucose-1-phosphate and glucose by enzyme preparations derived from Neis- 
seria meningitidis (strain 69, type I). 

7 Dr. I. D. E. Storey, in a personal communication, reports that he and Mr. G. J. 
Dutton have found that the 8-p-glucuronic acid-1-phosphate described in this paper 
will not replace the purified liver factor which stimulates o-aminophenyl glucuron- 
ide synthesis by a liver homogenate. (Added in proof.) 
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SUMMARY 


Condensation of a-1-bromo-2 ,3 ,4-triacetylglucuronic acid methyl ester 
with “monosilver phosphate,” followed by hydrolysis of the product with 
barium hydroxide solution, yielded 8-glucuronic acid-1-phosphate, which 
was obtained as the dibrucine and dibenzylamine salts. The phosphate 
did not stimulate o-aminophenyl glucuronide formation by mouse liver 
slices or 6-glucuronidase. 
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AMINO ACID “INCORPORATION” IN VITRO BY 
DESOXYPENTOSE NUCLEOPROTEIN AND 
HISTONE* 


By ROBERT BRUNISHf anv J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, Stanford, California) 


(Received for publication, January 2, 1952) 


The mechanism of protein synthesis has been the subject of many re- 
cent experiments in which labeled amino acids are employed. Investiga- 
tions in vitro depend upon isolation of a protein or protein fraction and 
freeing it from contamination by the labeled amino acid originally added 
to the system. To prove conclusively that the isotope content of such a 
protein fraction is not due to tightly bound impurity, it is necessary to 
hydrolyze the protein partially and to obtain small peptides containing 
the added labeled amino acid. This has been done by Anfinsen and 
Steinberg with ovalbumin (1) and Borsook ef al. (2) have obtained a large 
peptide or mixture of peptides containing 90 per cent of the radioactivity 
originally associated with the protein from a bone marrow system. 

In the majority of experiments, however, less rigorous methods have 
been employed to demonstrate amino acid incorporation by proteins. 
When a carboxyl-labeled amino acid is employed, it is possible to release 
radioactive carbon dioxide with ninhydrin from the free amino acid but 
not from the amino acid incorporated through peptide bonds. This reac- 
tion has been extensively utilized to demonstrate that amino acid con- 
tamination has been eliminated and does not contribute to the activity 
of an isolated protein fraction (3, 4). Extensive dialysis has been utilized 
to remove amino acid contamination (5) and repeated cycles of solution 
in dilute base and precipitation with trichloroacetic acid (TCA) have been 
advocated (6). We have applied these methods to very simple systems 
in vitro with the results indicated in this paper. 

Procedure 


Tissue Fractionation—For the isolation of particulate components su- 
crose fractionation (3, 7) has frequently been employed. A salt fractiona- 
tion procedure, designed to give protein fractions, was used for the pur- 

* This investigation was supported in part by a research grant from the National 
Cancer Institute, National Institutes of Health, United States Public Health Serv- 
ice. 

t Fellow of the National Cancer Institute, United States Public Health Service. 
Present address, Department of Physiological Chemistry, School of Medicine, Uni- 
versity of California, Los Angeles. 
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pose of this study. Fresh rat liver, perfused in situ until it was largely 
free of blood, then homogenized, was extracted twice with 0.4 m NaCl, 5 
volumes of salt solution per gm. of liver being used in each extraction. 
The extract was fractionated into albumin, globulin, and pentose nucleo- 
protein fractions by a procedure previously reported from this laboratory 
(8). The residue was extracted once with 1.0 m NaCl, 1 volume of salt 
solution being used per each gm. of liver initially employed. Crude des- 
oxypentose nucleohistone (DNH) was precipitated from the extract by 
diluting with water to about 0.14 m NaCl, the usual method employed by 
Halliburton (9) and many subsequent investigators. The procedure, in 
its entirety, is summarized in Diagram 1. 


DracraM 1 
Outline of Fractionation Procedure* 
Liver (1) 0.4 m NaCl 


Supernatant (2); reduce Sediment 
pH to 5.0 + 1m NaCl 
Soluble; Insoluble; add Soluble Insoluble 
dialyze H,O; increase + 6 volumes (13) 
pH “ 8.0 H,O 
Soluble Insoluble Soluble; re- Insoluble Ppt. (9) 
(3) (4) duce pH (5) + 1m NaCl 
to 5.0 | 
Insoluble (6) ; add Soluble Soluble Insoluble (12) 
H,0; increase (7) + 2 volumes 
pH to 8.0 i 
Soluble; reduce Insoluble Soluble Insoluble 
pH to 5.0 (11) (10) 


Soluble Insoluble 
(8) 


* The numbers in parentheses designate fractions reported upon in Table I. 
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Fraction 1 represents total liver, while Fraction 2 represents those com- 
ponents which are soluble in 0.4 m NaCl. Fractions 3 and 4 represent 
crude albumin and globulin, and Fractions 6 and 8 crude pentose nucleo- 
protein. Fraction 9 represents DNH, while Fraction 10 is DNH minus 
those components of the fraction released by the addition of 2 volumes of 
alcohol. Fraction 11 was the only one not recovered in sufficient quan- 
tity to permit study. The other fractions were dialyzed and lyophilized. 

Desozypentose Nucleohistone—DNH prepared by the salt fractionation 
outlined above is in its fibrous state. The preparation of non-fibrous 
DNH from nuclei, through use of a citric acid procedure at pH 6.0, has 


| 
“Incorporation” of Phenylalanine 
Fractions® 

é globulin. . 0.0 
5. Insoluble in 0.4 NaCl, ‘pH 5.0, or pH 8... 0.0 
7. Soluble in pH 5.0 or 8.0.............. 0.0 
8. Crude pentose 0.0 
10. That portion of DNH insoluble in 66.7% EtOH............ 10.9 
11. « « ‘soluble in 66.7% EtOH............... 

initial DNH fraction insoluble in 1 NaCl 2.6 
13. Homogenate fraction insoluble in 1 m NaCl. . . 32.6 


* The fraction numbers refer to Diagram 1. 


been briefly described (10). Both fibrous and non-fibrous DNH were 
used in these studies. Rabbit liver served as a source of DNH, since 
rat liver was an impracticable source from which to prepare large quanti- 
ties of this material. 

Histone—Histone was extracted with 0.25 n HCl from rabbit DNH 
suspended in a small volume of water. The histone chloride was precipi- 
tated by saturating the acid solution with sodium chloride (11). The 
precipitate was suspended in water, dialyzed until salt-free, and then 
lyophilized. 

Incubation Medium—A modified Krebs-Henseleit medium, employed by: 
Winnick et al. (12), was used unless otherwise specified. 

Incubation and Analysis of Samples—The samples were incubated in 
stoppered tubes under a 95-5 per cent oxygen-carbon dioxide gas phase. 
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The tubes were placed in a water bath at 37° and agitated during the 
incubation period, which, unless otherwise designated, was of 2 hours 
duration. At the end of this time the reaction was stopped by the addi- 
tion of 10 per cent TCA. The protein so precipitated was washed with 
5 per cent TCA and dried. The dried material was suspended in acetone 
or ether and poured onto a weighed filter paper disk mounted on a sin- 
tered glass plate attached to a water pump. By this procedure the dried 
material was evenly mounted on the filter paper, which was then reweighed 
to determine the amount of material present. The radioactivity of these 
mounted samples was determined through use of an autoscaler equipped 
with a windowless gas flow type counting chamber (13). 

Corrections were made for self-absorption of the samples through use 
of an experimental plot of the correction factor against weight of powdered 
glycine. A set of samples was usually counted over a 6 to 15 hour inter- 
val, depending upon its activity, through use of an automatic sample 
changer (13). This time interval, which reduced the counting error to 
less than 2 per cent, plus the high efficiency of the instrument, approxi- 
mately 30 per cent, permitted reliable determinations on samples of low 
activity. 

Amino Acids Employed—Glycine-1-C", pt-alanine-1-C", pi-phenylala- 
nine-3-C™ hydrochloride, and p1i-lysine-2-C" monohydrochloride, of spe- 
cific activity 0.50, 0.698, 3.50, and 0.684 mc. per mM, respectively, were 
used. These were purchased from Tracerlab, Inc. 

Experiments with Liver Fractions 

25 mg. of material from each component obtained from the salt frac- 
tionation outlined in Diagram 1 were suspended in 3 ml. of the incubation 
medium and 0.096 yc. of phenylalanine added. After the incubation 
period, the reaction was stopped by the addition of 5 ml. of 10 per cent 
TCA, and the samples were washed three times with 5 ml. of 5 per cent 


TCA, then twice with acetone. The samples were then mounted and 
their activities determined as previously described. See Table I. 
Experiments with Desoxypentose Nucleohistone 
“Incorporation” of Phenylalanine—Since the desoxypentose nucleohis- 
tone fraction was of greater activity than any of the other fractions, it was 
further investigated. To determine whether the “incorporation” of phe- 
nylalanine into this fraction was the result of an inadequate washing pro- 
cedure the following experiment was undertaken. 25 mg. of fibrous DNH 
were incubated in 3 ml. of medium and 0.096 ye. of phenylalanine added. 
One sample was incubated for 1 hour, a second for 2 hours, while a third 
sample served as a zero time control. After the samples were precipi- 
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tated with TCA, they were washed five times with 5 per cent TCA and 
three times with a 3:1 alcohol-ether mixture. They were then mounted 
and their activities determined. The activities, expressed as disintegra- 
tions per minute per mg., for the zero time, 1 hour, and 2 hour samples 
were 0.0, 8.8, and 14.5, respectively. 

“Incorporation” of Alanine—In another experiment 0.596 yc. of alanine 
was substituted for the phenylalanine. In addition to the zero time con- 
trol, a heat-denatured sample, boiled for 10 minutes prior to the addition 
of the alanine, and a sample incubated in the medium containing added 
0.015 per cent adenosinetriphosphate (ATP) were also run. The results 
are set forth in Table IT. 

Fibrous versus Non-Fibrous DNH—The activity taken up by the DNH 
varied from run to run under the same conditions. However, when fi- 
brous and non-fibrous DNH were incubated at the same time, there was 


Taste Il 
“‘Incorporation”’ of Alanine by DNH 
Disi 
Conditions 
Heat denatured prior to 2 hr. incubation...................... 2.4 
0.0 


no appreciable difference between the two. In the following experiments, 
therefore, whichever form of DNH was more available was used. 

Effect of Temperature—Samples, consisting of 20 mg. of fibrous DNH, 
were added to 3 ml. of the incubation medium which contained 0.015 per 
cent ATP and 0.182 yc. of phenylalanine. These samples were incu- 
bated at different temperatures. The amount of “incorporation” in 2 
hours is shown in Table III. 

Gas Phase—To determine whether the O.-CO; gas phase was necessary, 
25 mg. of fibrous DNH were incubated under nitrogen and compared 
with another sample which was incubated under the 95-5 per cent O,-CO, 
mixture. Other samples were run with pure oxygen and air. The 
amount of “incorporation” of phenylalanine was virtually the same under 
these four different gaseous phases. The following experiments, there- 
fore, were carried out in the presence of air. 

Optimum pH—In an attempt to find the optimum pH for the “incor- 
poration” of phenylalanine, DNH samples were incubated at pH 5.51 to 
11.6 and “incorporation” occurred over the entire pH range. Although 
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the resulting activity varied from sample to sample, there was no trend 
with pH. A similar run, in which alanine was substituted for phenyl- 
alanine, showed “incorporation” to occur from pH 5.8 to 8.95, although 
there was none at pH 1.0 or 4.8. 

Effect of Calctum—To determine whether the uptake of amino acids by 
DNH was dependent upon the presence of calcium, as reported for other 
systems by Winnick ef al. (12) and Borsook ef al. (14), an incubation in 
which the calcium was omitted from the medium was carried out. In 
this experiment 25 mg. of non-fibrous DNH were dissolved in 3 ml. of the 
medium containing 0.096 yc. of phenylalanine. In the presence of the 
usual concentration of calcium the activity of the DNH after incubation 
for 2 hours was 31.0 disintegrations per minute per mg. Without the 
calcium the value was 32.6. 


Taste III 
Effect of Temperature upon “‘Incorporation”’ of Phenylalanine 


Temperature Disintegrations per min. per mg. 


Effect of Sodium and Potassium—To determine whether the sodium or 
potassium ion had any influence upon the reaction, the standard medium 
(12) was modified so that it contained only one of these two ions. 25 mg. 
of fibrous DNH were incubated for 2 hours in the modified medium with 
0.096 ye. of phenylalanine. The activities, expressed as disintegrations per 
minute per mg., following incubation in the standard medium, the me- 
dium containing only sodium, and that containing only potassium were 
4.3, 1.8, and 6.3, respectively. 

Effect of Dialyzable Compounds from Liver—To determine whether there 
were any dialyzable compounds present in liver, which would increase the 
“incorporation” of phenylalanine by DNH, liver was homogenized in a 
small volume of the incubation medium. This suspension was put inside 
a dialyzing bag and dialyzed against another small volume of incubation 
medium. After 4 hours of rocking, the dialyzing bag was removed and 
the medium containing the dialyzable compounds from the homogenate 
was used. It was compared with the standard medium by incubating 
20 mg. of fibrous DNH in each with 0.096 yc. of phenylalanine. The spe- 
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cific activity of the DNH incubated in the standard medium was 4.8, 
while that incubated in the medium containing the dialysate was 1.9. 
Experiments with Histone 

The ability of DNH to take up amino acids in vitro prompted us to 
test histone, a relatively simple protein derived from DNH. Incubation 
of 10 mg. of histone chloride with 0.314 ye. of glycine in the incubation 
medium, with and without 0.015 per cent ATP, and also in distilled water, 
with and without ATP, disclosed that the “incorporation” took place to 
almost an equal extent under each of these conditions (Table IV). In 
consequence, water was used as the incubation medium in all subsequent 
experiments unless otherwise noted. 

Control experiments, in which histone was precipitated from the aque- 
ous solution immediately after the addition of the radioactive glycine, 


IV 
Glycine ‘‘Incorporation”’ into Histone 


Disint 


and in which the incubation was carried out at 100°, disclosed the results 
given in Table V. 

Effect of Time—1 ml. aliquots of a 1 per cent histone chloride solution 
in distilled water to which 0.079 we. of glycine was added were incubated 
for varying periods from 0 to 90 minutes (Table VI). There was no 
detectable uptake after 1 minute of incubation, although the activity 
after 5 minutes was equal to about half that following 90 minutes of 
incubation. 

Effect of Glycine Concentration—Incubation of 1 per cent aqueous solu- 
tions of histone chloride at 37° for 2 hours with varying amounts of gly- 
cine showed that doubling the initial glycine content caused approxi- 
mately a 2-fold increase in amount of glycine “incorporated” (Fig. 1). 

Effect of Dialysis—40 mg. of histone chloride were dissolved in 4 ml. of 
water and incubated at 95° for 2 hours with 1.26 ye. of glycine. At the 
end of the incubation period the protein was precipitated with TCA, 
then washed six times with 5 per cent TCA. One aliquot of the residue 
was then washed and dried with alcohol and ether, while another was 
dialyzed against running water for 18 hours prior to the alcohol and ether 
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treatment. ‘The undialyzed sample had a specific activity of 26.2, while 
the dialyzed portion had an activity of 26.7. 


V 
Effect of Temperature upon Glycine “Incorporation” into Histone 
Disintegrations 
Conditions per min. -— mg. 
sods ten 0.0 
Taste VI 
Effect of Time upon Glycine Uptake by Histone 
Length of incubation Disintegrations per min. per mg. 
min. 
0 0.0 
1 0.0 
5 1.5 
15 2.2 
45 2.6 
90 3.0 


AIC ADDED 


12 13 
PROTEIN ACTIVITY 


Fic. 1. The effect of glycine concentration upon its uptake by histone. Micro- 
curies of glycine added are plotted against disintegrations per minute per mg. of pro- 
tein following the 2 hour incubation period. 


Effect of Preheating of Histone—In an attempt to determine whether 
the increased “incorporation” at 100° represented an increased rate of 
reaction at this elevated temperature or reflected the thermal transforma- 
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tion of histone into a more reactive state, samples were incubated at 37°, 
following preheating of the histone chloride in solution at 100° for 10 
minutes. These samples were compared with others incubated in water 
at 37°, 100°, and some used as zero time controls. 0.107 uc. of glycine, 
0.117 uc. of lysine, and 0.588 yc. of alanine were used in this experiment. 
The results are presented in Table VII. 

Effect of pH—To determine whether the phenomenon of amino acid 
uptake by histone in distilled water at 100° was dependent upon pH, a 
series of experiments was carried out with alanine, glycine, and lysine. 
The results are shown in Table VIII. 

Effect of Dialysis against Non-Isotopic Amino Acid and Effect of Alkali 
Treatment—In a further effort to remove radioactive amino acid “‘incor- 
porated” on incubation at 100°, the following procedures were employed. 


Tasie VII 
Effect of Preheating upon Amino Acid “Incorporation”’ by Histone 


Disintegrations per min. per mg. 
Amino acid added 10 min. at 
h h 100° plior 
Zero time | 100° 
at 37° 


After the 2 hour incubation period one sample (1 ml.) was mixed with an 
equal volume of 1 M non-radioactive alanine and dialyzed against 50 ml. 
of 1 M non-radioactive alanine. At the end of 4 hours of dialysis, with 
stirring, the histone was precipitated with TCA and the usual washing 
procedure carried out. Another incubation sample was precipitated with 
TCA at the end of the 2 hour period at 100°. It was then dissolved in 
0.5 Nn NaOH and allowed to stand in this solution for 1 hour. At the end 
of this time it was reprecipitated with TCA, redissolved in 0.5 n NaOH, 
and reprecipitated once more. It was then washed in the usual way. 
When compared with a sample which had only been washed by the usual 
procedure. the dialyzed, alkali-treated, and washed preparations had spe- 
cific activities of 11.5, 12.8, and 11.2, respectively. A fourth sample, 
serving as a zero time control, had no activity. This experiment, re- 
peated with glycine and lysine, showed the results presented in Table IX. 

Treatment with Ninhydrin—The lysine used in these experiments, not 
being labeled in the carboxyl position, would not release radioactive car- 
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bon dioxide upon treatment with ninhydrin. The glycine and alanine, 
however, were labeled in the carboxy] position, and the ninhydrin reaction 
could be used to determine whether alanine or glycine was present as 
such in histone preparations following incubation. If the amino acid 
were not free, but peptide-bound, the carboxyl group would not be split 
off as carbon dioxide. Histone samples incubated with alanine and gly- 
cine and washed in the usual manner in the experiment just described 
were taken for this determination. The histone sample, plus a small 


Taste VIII 
Effect of pH upon Amino Acid ‘‘Incorporation”’ by Histone at 100° 
- Disintegrations per min. per mg. 
Glycine Lysine Alanine 

5.23 35.4 35.2 13.7 
5.80 37.7 47.3 16.4 
6.60 38.9 38.1 
8.19 106.1 246.5 72.9 
8.77 560.0 573.0 90.6 
9.90 226 .5 

TasiLe IX 


Effect of Washing Procedure upon Amino Acid Uptake by Histone at 100° 


Disintegrations per min. per mg. 
Glycine Lysine _ Alanine 
Zero time control................ 3.2 0.0 0.0 
Usual washing................... 31.8 65.7 11.2 
Dialysis against non-isotopic amino 
Alkali treatment................. 21.7 47.2 | 12.8 


amount of amino acid carrier, was suspended in a few ml. of citrate buffer, 
pH 2.7. Ninhydrin was added to the reaction vessel and the system as- 
sembled. The reaction vessel was connected through a U-shaped tube to 
a gas dispersion tube immersed in a sodium hydroxide trap. The trap 
was connected to a water pump which kept a slow steady stream of air 
moving through a small capillary into the reaction vessel, through the 
U-tube and gas dispersion tube, and through the sodium hydroxide trap. 
The reaction vessel was heated in a water bath at 100° for 10 minutes. 
For an additional 5 minutes air was allowed to move through the system 
before it was opened. Upon addition of ammonium chloride and barium 
chloride to the alkali in the trap barium carbonate precipitated. This 
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was centrifuged, washed with water, and dried with alcohol and ether. 
When standard solutions of carboxyl-labeled alanine were run, only 75 
per cent of the activity was recovered as barium carbonate. The residue 
left in the reaction vessel was usually inactive, although occasionally a 
trace of activity remained. The inability to obtain better recoveries ulti- 
mately presented no problem, for, when the histones which had been 
incubated with alanine and glycine were run, no activity whatever was 
released as carbon dioxide and the residue left behind in the reaction 
vessel accounted for all of the initial activity. 


DISCUSSION 

The incubation of various protein fractions obtained from liver showed 
the DNH fraction to “incorporate” the largest amount of phenylalanine. 
The insoluble fraction left after extraction of DNH with 1 m NaCl also 
‘<ncorporated” phenylalanine in large amounts. This fraction contained 
some DNH not extracted with the sodium chloride, but the high level of 
activity suggests that the DNH present could not by itself account for 
the total “incorporation.” Fractions 10 and 12 are derived from DNH 
and their activity may represent the presence of DNH. 

The incubation of DNH with phenylalanine or alanine resulted in the 
uptake of these amino acids also. The amount of “incorporation” was 
dependent upon time, but not dependent upon ATP, oxygen, hydrogen 
ion concentration, or calcium. Most of the zero time controls showed no 
activity, although occasionally one would have a low order of activity. 
This could be the result of insufficient washing of the samples, or a slight 
bacterial contamination of the solution of radioactive amino acid with 
production of TCA-precipitable products. It is thought that the latter 
is the correct explanation. Prior heat denaturation of DNH did not pre- 
vent it from taking up phenylalanine, and alanine also was taken up in 
one case. 

The uptake of amino acid varied somewhat from one run to another. 
This was also noted by Winnick eé al. in experiments with homogenates 
(12). DNH, however, would be expected to be a more simple and. repro- 
ducible system than a homogenate, and the reason for this variability is 
not apparent. In runs in which fibrous and non-fibrous DNH were com- 
pared there was no significant difference in amount of phenylalanine 
taken up. 

Uptake of phenylalanine by DNH at low temperatures was not measur- 
able. Uptake at 37° was higher than at 33° or 42-45°, but uptake at 
68-70° was twice as great as that at 37°. This may indicate that there 
are two processes involved, one of which increases with temperature, 
while the second has an optimum temperature between 33-45°. 
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Histone, derived from DNH, and therefore a simpler system, presented 
much the same picture as DNH. The “incorporation” of amino acids 
was not dependent upon the presence of other solutes, since it proceeded 
when the histone was incubated with the amino acid in distilled water. 
The reaction increased with time and zero time controls in most cases 
showed no “incorporation.” Although there were too few concentrations 
employed to permit an unequivocal statement, it appears as though the 
uptake of amino acids from aqueous solution by histone is a linear func- 
tion of the concentration of amino acid. Although this is reported to be 
the case with the uptake of lysine by liver homogenates, other systems 
are said to show a logarithmic relationship between amount of uptake 
and initial amino acid concentration (15). Uptake at 100° was consider- 
ably higher than at 37°. Prior heating of the histone at 100°, followed by 
incubation with the amino acid in water at 37°, did not produce the in- 
creased “incorporation” observed at 100°. If the elevated temperature 
produced its effect by the thermal transformation of histone into a more 
reactive state, or into a configuration in which more active centers were 
exposed, prior heating might be expected to produce this change. Then, 
unless, in cooling, the histone resumed its original state, incubation at 37° 
would be expected to result in a greater “incorporation” than if the prior 
heating had been omitted. This was not the case. In fact “incorpora- 
tion” was somewhat lower. The increased “incorporation” at 100° is 
attributed, therefore, to an increased rate of reaction at this elevated 
temperature. 

As the pH was increased the activity of the histone incubated in water 
at 100° also increased. The reason for this is not apparent, especially 
since the pH of maximum uptake of glycine, lysine, and alanine in this 
experiment, 8.77, is one at which histone is almost insoluble and therefore 
not as accessible to the amino acid as if it were in solution. It is not 
thought that the increased activity at this pH is due to the coprecipita- 
tion of histone and the amino acid prior to the addition of TCA, since 
an incubation at pH 9.90 of histone with lysine showed a much lower 
uptake than at pH 8.77, although the histone is insoluble at this pH also. 

The possibility that the activity of the histone or DNH is the result of 
contamination with active enzymes seems unlikely. The results obtained 
at 100° indicate that the reaction is non-enzymatic. 

In many of the published experiments upon amino acid uptake the 
amount of incorporation is high compared with the values reported here 
for histone and DNH. The value reported by Griffin et al. for the uptake 
of labeled glycine by liver in vivo is 30 times as great as that obtained 
upon incubation in vitro with histone (16). Zamecnik and Frantz record 
comparably high values for uptake of alanine by liver in vivo as well as 
by liver slices in vitro (17). Values reported by Winnick for uptake of 
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glycine and alanine by fetai rat liver homogenate are approximately 4-fold 
the values obtained here with DNH or histone (6). Winnick’s values 
for uptake by adult rat liver homogenate, however, are of the same order 
as those obtained in the systems reported in this paper. Since DNH is a 
small constituent of the liver, it would appear that “incorporation” of 
the type reported here would account for only a minor fraction of the 
activity reported for liver, liver slices, or total homogenates. Borsook 
et al. report values for incorporation of glycine by a nuclear fraction ob- 
tained from guinea pig liver which are of the same order as those obtained 
with DNH (3). Although the presence of calcium appears to increase 
the amount of incorporation in Borsook’s system, while it does not influ- 
ence the uptake by DNH, the remote possibility that the same mecha- 
nism may be responsible for the two reactions should not be overlooked. 

It is difficult to believe that a system consisting of a protein and an 
amino acid heated at 100° in water represents protein synthesis as it 
occurs in vivo. Yet the tests which have been employed in more elabo- 
rate systems to demonstrate “protein synthesis” have been carried out, 
and, if this were a more elaborate system incubated at 37°, one would be 
inclined to say that “protein synthesis” had indeed been achieved. The 
“incorporated” amino acid was not removed by many washings nor by 
dialysis against either water or non-isotopic amino acid. Zero time con- 
trols seem to be adequate. The carboxyl-labeled amino acids, after reac- 
tion with histone, did not give rise to radioactive carbon dioxide through 
the use of ninhydrin. Dissolving the histone in alkali and reprecipitating 
with TCA resulted in a loss of around 30 per cent of the activity following 
incubation with glycine or lysine. When alanine was used, however, 
there was an increase in specific activity of over 10 per cent. Since treat- 
ment with 0.5 n NaOH is rather drastic, these changes may represent 
hydrolysis and loss of portions of the protein molecule rather than loss of 
adsorbed amino acid. Since only a part of two of the three amino acids 
utilized was lost by this procedure and since no labeled carbon dioxide 
was released from histone with ninhydrin, it must be concluded that the 
amino acids are united with the histone very strongly. The possibility of 
physical entrapment of the added amino acid in the course of thermal 
rearrangements in the configurations of the constituent peptide chains is 
not excluded. Should this take place, steric hindrances could result, 
which might explain some of these observations as well as some of the 
data reported by others in more conventional experiments on amino acid 
incorporation. 

SUMMARY 


1. The “incorporation” in vitro of different amino acids by desoxy- 
pentose nucleohistone (DNH) has been described. “Incorporation” by 
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DNH was dependent upon time but independent of pH or the presence of 
adenosinetriphosphate, oxygen, or calcium. Potassium appeared to in- 
crease the amount of uptake. 

2. “Incorporation” of amino acids by histone was dependent upon time, 
concentration of the amino acid, and pH and independent of the presence 
of other solutes. “Incorporation” was increased by elevating the tem- 
perature to 100°. The amino acid taken up by the histone from water 
at 100° was very firmly bound and was not removed by a variety of pro- 
cedures. Use of ninhydrin did not release radioactive carbon dioxide 
after incubation of carboxyl-labeled amino acids with histone. 

3. In order to establish that added amino acids are incorporated by 
proteins through peptide bond formation it appears from this study that 
partial hydrolysis and isolation of labeled small peptides containing the 
added amino acid would be necessary. 
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radiophosphorus in study, Dratz and 
Handler, 419 
Carbonate: Casein amino acids, precur- 
sor, Black, Kleiber,and Smith, 365 


INDEX 


Carbon dioxide: Fixation, Serratia mar- 
cescens, amino acids, purines, and 
pyrimidines, effect, McLean and 
Purdie, 539 

Casein: Amino acids, carbonate and 
fatty acids as precursors, Black, 
Kleiber, and Smith, 365 

Cholesterol: Metabolism, pantothenic 
acid deficiency, effect, Guehring, 
Hurley, and Morgan, 485 

Choline: Glycerylphosphoryl-. See 
Glycerylphosphorylcholine 

Choline oxidase: Mitochondria, Wil- 
liams , 709 

Cholinesterase: Acetyl-. See Acetyl- 
cholinesterase 

Coagulation: See also Anticoagulant 

Collagen: Nitrogen 15 incorporation in 
vivo, ascorbic acid effect, Robertson, 

495 

Copper: Uric acid oxidation, effect, Grif- 


fiths, 399 

Cortisone: 6-Dehydro-. See Dehydro- 
cortisone 

Glucose production and oxidation, ef- 

fect, Welt, Stetten, Ingle, and Morley, 

57 


Liver, fatty acid oxidation, effect, 

Lipsett and Moore, 303 

Tyrosine metabolism, scurvy, effect, 
Basinski, Williams, and Freund, 

433 

Cypridina: Luciferin, partition, chro- 
matographic, Mason and Davis, 


41 

Cytochemistry : Hogeboom and Schneider, 

611 

Cytochrome: c, isolation and properties, 

Neilands, 701 

— reductase, diphosphopyridine nu- 

cleotide, preparation and properties, 

Edelhoch, Hayaishi, and Teply, 97 

-Cytochrome oxidase system, uric acid 

oxidation, effect, Griffiths, 399 
Succinoxidase system, Chance, 

557, 567 

Cytochrome oxidase: Cytochrome-, sys- 

tem, uric acid oxidation, effect, Grif- 


Siths, 399 


892 
| 
| 
| 
| D 
| 
| D 
| D 
| D 
D 
| 
| 
| D 
| 
| | Di 
| 
El 
Er 


SUBJECTS 893 

Cytosine: Metabolism, bacterial en- | Enzyme(s)—continued: 
zymes, Hayaishi and Kornberg, Glutamic acid polypeptide patties 

717 Green and Stahmann, 
a-Keto acids, preparation, 
309 
Dehydrocortisone : 6-, preparation, Mat- See also Acetylcholinesterase, Cholin- 
tor, Woroch, Fleisher, and Kendall, esterase, etc. 

261 | Escherichia coli: Purine metabolism, 
Dehydrogenase: i-Glutamic. See Glu- coch, Putnam, and Evans, 105 


tamic dehydrogenase 
Dehydroisoandrosterone: Determina- 
tion, Graff, 741 
Desoxypentose nucleic acid: Thymus, 
titration, Shack and Thompsett, 17 
Desoxypentose nucleoprotein: Amino 
acid incorporation in vitro, Brunish 


and Luck, 869 
Deuterio-C'‘-formate: Methyl group 
synthesis in vivo, use, Ressler, 
Rachele, and du Vigneaud, 1 


Diaphragm : Glucose uptake, growth hor- 
mone effect, Park, Brown, Cornblath, 
Daughaday, and Krahl, 151 

—, utilization, soaking effect, Brown, 
Park, Daughaday, and Cornblath, 


167 
Peptidase, Schwartz, Engel, and Tow- 
bin, 381 


Dihydroxymaleic acid: Oxidase and per- 
oxidase reactions, effect, Chance, 
577 
Diphosphopyridine nucleotide: Cyto- 
chrome c reductase, preparation and 
properties, Edelhoch, Hayaishi, and 
Teply, 97 
Synthesis, liver cell nuclei, Hogeboom 
and Schneider , 611 
Diphosphopyridine nucleotide nucle- 
osidase: Liver, intracellular, Sung 
and Williams, 175 


Electrolyte(s): Blood serum, Copeland 
and Sunderman, 331 
Willis and Sunderman, 343 

Enzyme(s): Bacterial, cytosine, thy- 
mine, uracil, and barbiturie acid 
metabolism, Hayaishi and Kornberg, 

717 


F 


Fatty acid(s): Casein amino acids, pre- 
cursor, Black, Kleiber, and Smith, 

365 

Oxidation, liver, adrenalectomy and 
cortisone effect, Lipsett and Moore, 

303 

Synthesis, tissue slices, nutritional fac- 

tors, Medes, Thomas, and Weinhouse, 

181 

Fluoroacetate: Tissuc amino acids, free, 

effect, Awapara, 695 

Folic acid: -Ascorbic acid interrelation- 

ships, Schwartz and Williams, 481 

Formate: Deuterio-C''-. See Deuterio- 

C'*-formate 

Precursors in vivo, Weinhouse and 

Friedmann, 733 

Formylpteridine: 6-, liver xanthine oxi- 

dase, effect, Dietrich, Monson, Wil- 


liams, and Elvehjem, 37 
Fructose-1,6-diphosphatase: Proteoly- 
sis, Pogell and McGilvery, 293 

G 


Glucose: Production and oxidation, cor- 
tisone effect, Welt, Stetten, Ingle, and 
Morley, 57 

Uptake, diaphragm, growth hormone 
effect, Park, Brown, Cornblath, 
Daughaday, and Krahl, 151 

Utilization, diaphragm, soaking effect, 
Brown, Park, Daughaday, and C: 


blath, 167 


Glucuronic acid-1-phosphate: 8-p-, syn- 
thesis and properties, Touster and 
, 863 
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Glutamic acid: p-, utilization, Lactobacil- 
lus arabinosus, glutamic racemase 
relation, Ayengarand Roberts, 453 

Polypeptides, synthesis and enzymatic 
hydrolysis, Green and Stahmann, 
771 

Glutamic dehydrogenase: L-, crystalli- 
zation and characterization, Olson 
and Anfinsen, 67 

Glutamic racemase: Glutamic acid uti- 
lization, Lactobacillus arabinosus, re- 
lation, Ayengar and Roberts, 453 

Glutamine: Transamination and deami- 
dation, Meister, Sober, Tice, and 
Fraser, 319 

Glycerylphosphorylcholine : Tissue, 
mammalian, Schmidt, Hecht, Fallot, 
Greenbaum, and Thannhauser, 601 

Growth: Hormone, diaphragm glucose 
uptake, effect, Park, Brown, Corn- 
blath, Daughaday, and Krahl, 151 

Guanine: 8-Aza-. See Azaguanine 


475 
Histone: Amino acid incorporation in 
vitro, Brunish and Luck, 869 


Nucleo-. See Nucleohistone 
Hyaluronic acid: Methylated, methyl 
ester, Jeanloz, 141 


Imidazoleacetic acid: Histamine oxida- 
tion to, in vivo, Mehler, Tabor, and 
Bauer, 475 

Insulin: Liver acetate lipogenesis, ac- 
tion, Masri, Lyon, and Chaikoff, 

621 

Intestine: Phosphatase, transphos- 

phorylation, Green and Meyerhof, 
347 


K 
Keto acid(s): a-, enzyme preparation, 
Meister, 309 
Ketoglutaric oxidase: a-, Sanadi, Little- 
field, and Bock, 851 


Ketosteroid(s): 17-, determination’ 
Graff, 741 
Kidney: Carbohydrate metabolism, ra- 
diophosphorus in study, Dratz and 
Handler, 419 
Phosphate metabolism, radiophos- 
phorus in study, Dratz and Handler, 


419 

L 
Lactic acid: Bacteria, p-amino acid uti- 
lization, Camien, 687 
— —, D-aspartic acid effect, 
Camien, 687 
—, o-phenanthroline effect, MacLeod, 
751 


Lactobacillus arabinosus: v-Glutamic 
acid utilization, glutamic racemase 
relation, Ayengarand Roberts, 453 

Lactobacillus casei: Growth, L-alanine 
peptides, relation, Kihara and Snell, 

791 

— factor, peptide factor, purification, 
Kihara, McCullough, and Snell, 

783 

Leaf: Green, proteins, Singer, Eggman, 
Campbell, and Wildman, 233 

—, —, cytoplasmic, Singer, Eggman, 
Campbell, and Wildman, 233 

Lipogenesis: Liver acetate, insulin ef- 
fect, Masri, Lyon,and Chaikoff, 621 

Liver: Acetate lipogenesis, insulin ef- 
fect, Masri, Lyon, and Chaikoff, 

621 

Cell nucleus, diphosphopyridine nu- 
cleotide synthesis by, Hogeboom and 
Schneider, 611 
Diphosphopyridine nucleotide nucle- 
osidase, intracellular, Sung and Wil- 
liams, 175 
Fatty acid oxidation, adrenalectomy 
and cortisone effect, Lipsett and 


Moore, 303 
Pyrimidines, biogenesis, orotic acid 
effect, Reichard, 391 


Xanthine oxidase, 6-formylpteridine 
effect, Dietrich, Monson, Williams, 


and Elvehjem, 37 
— — synthesis in vitro, Dhungat and 
Sreenivasan, 831 


H 
Hexokinase: Phospho-. See Phospho- | 
hexokinase 
Histamine: Imidazoleacetic acid from, | 
in vivo, Mehler, Tabor, and Bauer, 
| | 
| 
| 
| 
| 
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Luciferin: Cypridina, partition, chro- 
matographic, Mason and Davis, 

41 

Lymph: Blood plasma proteins, trans- 

port, Forker, Chaikoff, and Reinhardt, 

625 


Magnesium: Binding, blood serum pro- 
teins, Copeland and Sunderman, 

331 

Blood serum and ultrafiltrates, nomo- 

grams, Willis and Sunderman, 343 

Malate: p.-, tobacco leaf culture, effect, 


Vickery, Hargreaves, and Nolan, 


133 

L-, tobacco leaf culture, effect, Vickery 

and Hargreaves, 121 

Maleic acid: Dihydroxy-. See Dihy- 
droxymaleic acid 

Metabolism: Turnover, tritium as 


tracer, Thompson, 81 
Methyl group: Labile, synthesis in vivo, 
deuterio-C'*-formate use, Ressler, 
Rachele, and du Vigneaud, 1 
Milk: Constituents, acetate as precur- 
sor, Kleiber, Smith, Black, Brown, 


and Tolbert, 371 
Mitochondrium: Choline oxidase, Wil- 
liams, 709 
Respiration, potassium effect, Press- 
man and Lardy, 47 


Mold: See also Neurospora 

Mosaic: Tobacco, virus, nucleic acids, 
Knight, 241 

Muscle: See also Diaphragm 


Neurospora: Tyrosinase, Horowitz and 
Shen, 513 
Nitrogen: Mass 15, incorporation into 
collagen in vivo, ascorbic acid effect, 
Robertson, 495 
Nucleic acid(s): Desoxypentose. See 
Desoxy pentose nucleic acid 
Ribo-. See Ribonucleic acid 
Synthesis in vivo, purine nucleoside 
utilization, Lowy, Davoll, and Brown, 
591 


Nucleic acid(s)—continued: 

Tetrahymena geleti, 8-azaguanine in- 
corporation, Heinrich, Dewey, Parks, 
and Kidder, 199 

Tobacco mosaic virus, Knight, 241 

Nucleohistone : Thymus, titration, Shack 
and Thompsett, 17 
Nucleoprotein : Desoxypentose. See 
Desoxypentose nucleoprotein 
Nucleosidase: Diphosphopyridine nu- 
cleotide. See Diphosphopyridine 
nucleotide nucleosidase 
Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Nutrition : Factors, tissue fatty acid syn- 
thesis, Medes, Thomas, and Wein- 
house, 181 


O 


Organic acid(s): Tobacco leaves, me- 
tabolism, Vickery and Hargreaves, 


Vickery, Hargreaves, and Nolan, 


Orotic acid: Liver pyrimidine, biogene- 
sis, effect, Reichard, 391 
Oxidase: Choline. See Choline oxidase 
a-Ketoglutaric. See Ketoglutaric oxi- 
dase 
Reactions, dihydroxymaleic acid ef- 
fect, Chance, 577 
Succinic. See Succinic oxidase 
Xanthine. See Xanthine oxidase 


P 


Pantothenic acid: Cholesterol metabo- 
lism, effect, Guehring, Hurley, and 
Morgan, 485 

Paramecium aurelia: Killer action, Wil- 
liamson, Jacobson, and Stock, 763 

Pepsin: Adrenocorticotropic hormone, 
effect, Carpenter, Hess, and Li, 7 

Peptidase : Diaphragm, Schwartz, 
and Towbin, 

Peptide(s) : .-Alanine, 
growth, relation, Aihara and Snell, 


791 

Bacterial growth, relation, Kihara, 
McCullough, and Snell, 783 
Kthara and Snell, 791 
Kihara, Klatt, and Snell, 801 
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Peptide(s)—continued: 
Chromatography, transamidation re- 
actions, Dowmontand Fruton, 271 
Factor, Lactobacillus casei growth, pu- 
rification, Kihara, McCullough, and 
Snell, 
Peroxidase : Reactions, dihydroxymaleic 
acid effect, Chance, 577 
Phenanthroline: o-, lactic acid bacteria, 
effect, MacLeod, 751 
tase: Fructose-1,6-di-. See 
Fructose-1 ,6-diphosphatase 
Intestine, transphosphorylation, Green 
and Meyerhof, 347 
Semen, transphosphorylation, Green 
and Meyerhof, 347 
Synthesis, Green and Meyerhof, 347 
Phosphate: Metabolism, kidney, radio- 
phosphorus in study, Dratz and 
Handler, 419 
Phosphohexokinase: Plants, Azelrod, 
Saltman, Bandurski, and Baker, 89 
Phosphorus: Radio-, phosphate and car- 
bohydrate metabolism, kidney, use 
in study, Dratz and Handler, 419 
Plant(s): Phosphohexokinase, Azelrod, 
Saltman, Bandurski,and Baker, 89 
Polypeptide(s): Glutamic acid, synthe- 
sis and enzymatic hydrolysis, Green 
and Stahmann, 771 
Potassium: Mitochondrium respiration, 


effect, Pressman and Lardy, 547 
Proteinase: Streptococcus, crystalline, 
Mycek, Elliott, and Fruton, 637 


Protein(s): Blood plasma, transport to 
lymph, Forker, Chaikoff, and Rein- 


625 
— serum, magnesium binding, Cope- 
land and Sunderman, 331 


Cytoplasm, leaf, green, Singer, Egg- 
man, Campbell, and Wildman, 233 


Leaf, green, Singer, Eggman, Campbell, 


and Wildman, 233 
Nucleo-. See Nucleoprotein 
Protozoa: See also Tetrahymena 
Pseudomonas tabaci: Toxin, phyto- 
pathogenic, isolation, Woolley, 
Pringle, and Braun, 409 
Pteridine : 6-Formyl-. See Formyl|pteri- 
dine 


Purine(s): Carbon dioxide fixation by 
ia marcescens, effect, McLean 

and Purdie, 
Metabolism, Escherichia coli, Koch, 
Putnam, and Evans, 105 

—, Virus reproduction, Koch, Putnam, 
and Evans, 113 

Edmonds, Delluva, and Wil- 
251 

acid, determination, spec- 
trophotometric, Loring, Fairley, 
Bortner, and Seagran, 809 
Yeast ribonucleic acid, Loring, Fair- 
ley, and Seagran, 823 
Purine nucleoside(s): Nucleic acid syn- 
thesis in vivo, utilization, Lowy, Da- 
voll, and Brown, 591 
Pyrimidine (s): Carbon dioxide fixation 


by Serratia marcescens, effect, 
McLean and Purdie, 539 
Liver, biogenesis, orotic acid effect, 
Reichard, 391 


Metabolism, yeast, Edmonds, Delluva, 
and Wilson, 251 
Ribonucleic acid, determination, spec- 
trophotometric, Loring, Fairley, 
Bortner, and Seagran, 809 
Urine B-aminoisobutyric acid, admini- 
stration effect, Fink, Henderson, and 
Fink, 441 
Yeast ribonucleic acid, Loring, Fairley, 
and Seagran, 
Pyruvate: Carbon 14-labeled, radioac- 
tive yeast fractions, relation, Labbe, 
Thomas, Cheldelin, Christensen, and 
Wang, 655 
—- —, utilization, yeast, Wang, Labbe, 
Christensen, and Cheldelin, 645 
Yeast, aspartic acid conversion from, 
Wang, Thomas, Cheldelin, and Chris- 
tensen, 663 


Reductase: Diphosphopyridine nucleo- 
tide cytochrome c, preparation and 
properties, Edelhoch, Hayaishi, and 
Teply, 97 

Ribonucleic acid: Purine and pyrimidine 
components, determination, spec- 
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Ribonucleic acid—continued: 
trophotometric, Loring, Fairley, 
Bortner, and Seagran, 809 


Yeast, dinucleotides, chemical con- 
stitution and microbiological activ- 
ity, Merrifield and Woolley, 521 

—, purines and pyrimidines, Loring, 
Fairley, and Seagran, 

Ss 


Sapogenin(s): Steroid, acetates, chro- 
matography, Heftmann and Hayden, 


47 
—, chromatography, Heftmann and 
Hayden, 47 


Scurvy: Tyrosine metabolism, cortisone 
and adrenocorticotropic hormone ef- 
fect, Basinski, Williams, and Freund, 


433 
Semen: Phosphatase, transphosphoryla- 
tion, Green and Meyerhof, 347 


Serratia marcescens: Carbon dioxide 
fixation, amino acids, purines, and 
pyrimidines, effect, McLean and Pur- 
die, 539 

Soy bean: See Bean, soy 

Steroid(s): Bile acids, Mattox, Woroch, 
Fleisher, and Kendall, 261 

17-Keto-. See Ketosteroid 
Sapogenins and acetates, chromatog- 
raphy, Heftmann and Hayden, 47 

Streptococcus: Proteinase, crystalline, 
Mycek, Elliott, and Fruton, 637 

Streptococcus faecalis: Tyrosine and ty- 
rosine peptides, utilization, Kihara, 


Klatt, and Snell, 801 
Succinate: Tobacco leaf culture, effect, 
Vickery and Hargreaves, 121 


Succinic oxidase: System, cytochrome, 
Chance, 557, 567 


T 


Tetrahymena geleii: Nucleic acid, 8- 
azaguanine incorporation, Heinrich, 
Dewey, Parks, and Kidder, 199 

Threonine: 4-C'*,N"-L-, synthesis and 
metabolism, Meltzer and Sprinson, 

461 

Thymine: Determination, colorimetric, 

Day and Mosher, 227 


Thymine—continued: 
Metabolism, bacterial enzymes, Ha- 
yaishi and Kornberg, 717 


Thymus: Desoxypentose nucleic acid, 
titration, Shack and Thompsett, 


17 
Nucleohistone, titration, Shack and 
Thompsett, 17 


Tobacco: Leaf culture, pi-malate solu- 
tions, culture effect, Vickery, Har- 


greaves,and Nolan, 133 
Leaves, organic acids, metabolism, 
Vickery and Hargreaves, 121 


Vickery, Hargreaves, and Nolan, 
133 
—, succinate and L-malate solutions, 
culture effect, Vickery and Har- 


greaves, 121 
Mosaic virus, nucleic acids, Anight, 
241 


Toxin: Phytopathogenic, Pseudomonas 
tabaci, isolation, Woolley, Pringle, 
and Braun, 409 

Transamidation: Reactions, peptide 
chromatography, Dowmont and Fru- 
ton, 271 

Transphosphorylation: Phosphatase, in- 
testine and semen, Green and Meyer- 
hof, 347 

Tritium: Metabolic turnover, use as 
tracer, Thompson, 81 


sone and adrenocorticotropic hor- 
mone effect, Basinski, Williams, and 
Freund, 433 
Peptides, Streptococcus faecalis utili- 
zation, Kihara, Klatt, and Snell, 
801 
Streptococcus faecalis utilization, Ki- 
hara, Klatt, and Snell, 801 


U 


Uracil: Metabolism, bacterial enzymes, 
Hayaishi and Kornberg, 717 
Uric acid : Oxidation, copper effect, Grif- 
fiths, 399 

—, cytochrome-cytochrome oxidase 
system, effect, Griffiths, 399 


| 
| Tyrosinase: Neurospora, Horowitz and 
| Shen, 513 
| Tyrosine: Metabolism, scurvy, corti- 
| 
| 


Virus: Reproduction, 
Koch, Putnam, and Evans, 


Vitamin(s): C. See also Ascorbic acid 
x 
Xanthine oxidase: /-Ascorbic acid effect 
in vitro, Feigelson, 843 
Liver, 6-formylpteridine effect, Diet- 
rich, Monson, Williams, and Elve- 


hjem, 37 
Synthesis, liver, in vitro, Dhungat and 
, 831 


Y 
Yeast: Acetate, carbon 14-labeled, utili- 


Pyruvate, carbon 14-labeled, utiliza- 
tion, Wang, Labbe, Christensen, and 
Cheldelin, 645 

— conversion to aspartic acid, Wang, 
Thomas, Cheldelin, and Christensen, 

663 

Radioactive fractions, carbon 14- 
labeled pyruvate and acetate, re- 
lation, Labbe, Thomas, Cheldelin, 
Christensen, and Wang, 655 

Ribonucleic acid dinucleotides, chemi- 
cal constitution and microbiological 
activity, Merrifield and Woolley, 


— —, purines and pyrimidines, Loring, 
Fairley, and Seagran, 823 


| 898 INDEX 
Urine: f-Aminoisobutyric acid, pyrimi- | Yeast—continued: 
: dine, administration effect, Fink, | zation, Wang, Labbe, Christensen, and 
' Henderson, and Fink, 441 | Cheldelin, 645 
Acetate conversion to aspartic acid, 
Vv | Wang, Thomas, Cheldelin, and Chris- yo 
| tensen, 663 
| and Wilson, 251 
Koch, P | Pyrimidine metabolism, Edmonds, 
Tobacco mosaic, nucleic acids, Knight, | _ 
| 
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Poor but pure... 


d-y-Tocopberol (Eastman 6685) is one 
compound on which our function has 
been considerably more than to prepare 
and stock it for a few interested investi- 
gators. In point of fact, there are few 
items on our list that we have studied 
more intensively than the tocopherols, 


for DPi is a tonnage supplier of vitamin 
pharmaceutical and feedstuff 


E in bulk to 

manufacturers. Years ago, our 
laboratories confirmed that the y-homo- 
log, which has an H on the first ring 
where a-tocopherol has a CH;, is a poor 
relation of the a, as far as its biological 
performance as vitamin E goes. The 
abundance ratio of a to 7 varies widely, 
being high in cottonseed oil, for exam- 
ple, and low in soybean oil. Eastman 
6685 is straight 7, purified through a 
crystalline derivative for use as a biologi- 
cal and chemical standard. (As for the 
potent a, our vitamin sales department is 
just announcing to our drug-manufac- 
turing customers the first commercial 
quantities of crystallized d-a-tocopheryl 
acetate. In laboratory — specially 


For the age of polymers... 
CH; CH; 
N N=N—C—CN 


du, 


a,a'-Azodi-iso-butyronitrile (Eastman 
6400) is a com ps worth 
considering when you are having difh- 
culty in polymerizing an unsaturated 
acid. We know little of its potentialities 


72, 5080, 1950). We also suspect that 
there is still a certain amount of wealth 
and fame that can be expected by the 
chemist who works out a good new poly- 
mer from some obscure unsaturated 


golf balls or grommets. 
To recover from an adduct... 
CH=CH CH; 


peppermint oil. You can condense ma- 
leic anhydride with the menthofuran in a 
Diels-Alder reaction and easily isolate 


furan ecause it has more affinity for 
maleic anhydride. All this is reported ia 
J. A.C.S. (72, $313, 1950). We have a ps 
supply of a-Phellandrene on hand, and 
shall be glad to send toy an abstract of 
the procedure descri 


These are but three of the more than 
3500 organic chemicals readily available 
from Distillation Products Industries, 
Eastman Organic Chemicals Depart- 
ment, 617 Ridge Road West, Rochester 
3, N. Y. (Division of Eastman Kodak 
Company). 


| mY; | Eastman Organic Chemicals 


for science and industry 


Alse...vitemins A end E...distilled meneglycerides... high vecuum equipment 


3 OF THE MORE THAN 3500 EASTMAN ORGANIC CHEMICALS 

a beyond the fact that Roger Adams ef a/ 
found it would polymerize a-acetamido- 

acrylic acid when ultraviolet light, ben- 

zoyl peroxide, etc. had failed (J.A.C.S., 

—maybe a polymer that makes better 

cH— Cn, CH, 

a-Phellandrene (Eastman P6406) will 

irreversibly remove maleic anhydride 

from a diene adduct. Say you wish to iso- 

late menthofuran from a mixture like 

the condensation product, then use the 
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